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A bstract
This thesis details the study of N ~Z~28 nuclei obtained using the fusion evapora­
tion reactions 19Ne +  40Ca at a beam energy of 70 MeV and 24Mg +  40Ca at a beam 
energy of 65 MeV. The l9Ne data constitute the first tests of a neutron-deficient 
Radioactive Ion Beam (RIB) for high-spin nuclear spectroscopy. The radioactive 
l9Ne beam was supplied by the coupled cyclotrons at the Louvain-la-Neuve facility, 
Belgium. Em itted 7-rays were detected by an array of 7 TESSA-style Ge-detectors 
in the backward hemisphere in two rings. A degree of channel selection was also 
allowed by identifying evaporated charged particles with an array of 128 silicon-strip 
detectors (LEDA array). Background subtraction of radiation from the decay of 
the beam was achieved using the timing properties of the pulsed beam and through 
particle detection using the LEDA charged particle array. Information on the rel­
ative evaporation residue cross-sections was obtained and the problems associated 
with performing such experiments in a high radioactive background environment are 
addressed. New information on the high spin states of r’8Ni was obtained using the 
reaction 40Ca (24Mg, a 2p), performed at the ATLAS facility at Argonne National 
Laboratory. Emitted 7-rays were detected by high efficiency AYEBALL array which 
consisted of 18 EUROGAM and TESSA-style Compton suppressed Ge-detectors in 
four annular rings. Channel selection is demonstrated by use of (a) mass selection 
using the Argonne Fragment Mass Analyser (FMA), (b) a split anode ionisation 
chamber at the back of the FMA, and (c) an array of 11 neutron detectors in a ring 
at forward angles. The effectiveness of using recoil-gated gamma coincidence data for 
the study of nuclear structure in neutron-deficient nuclei close to the proton drip-line 
is shown. The excited states of 58Ni are compared with OXBASH shell model cal­
culations and the problems associated with forming high angular momentum states 
in the limited valence space are addressed.
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Chapter 1
Introduction
The unique properties of the atom ic nucleus stem  from the finite num ber of con­
stituen ts and the interactions between them. Nuclear configurations can change 
dram atically  w ith small differences in proton and /o r neutron number. W hile there 
are about 270 stable nuclei, the number of unstable nuclei is estim ated to be more 
than  6000. Using these unstable nuclei as beam particles should greatly extend the 
range of nuclei th a t can be produced and studied, thus leading to strong constraints 
ou nuclear models and the effective interactions tha t enter into them. By varying 
neutron or proton numbers over a very wide range of isotopes or isotones, the effect 
on nuclear structure of filling certain orbitals can be system atically studied. The 
production of extremely neutron-rich and neutron-deficient nuclei has already ex­
hibited a completely new and unexpected feature in the form of neutron and proton 
halos and dilute nuclear m a tter tails [1 , 2].
Usually, the lim its of the existence of nuclei refer to the points where the sepa­
ration energy of the last nucleon is zero. Since those nuclei which lie closer to  the 
stability  line are bound as far as nucleon emission is concerned, their decay occurs 
only through weak interactions and /o r o:-dec ay. These lim its where the nucleon 
separation energy becomes zero are referred to as dripline,s*. The dripline on the 
neutron-deficient side is called the proton dripline and th a t on the neutron-rich side 
is the neutron dripline (figure 1 .1 ). Of particular interest are nuclei which lie near
1
the N =  Z line. For example in m irror nuclei Coulomb displacement energies and in 
N =  Z nuclei w ith (T =0) isospin invariance a t high spins can be studied, which are 
related to charge independence of nuclear forces [3, 4]. The N =  Z line crosses the 
proton drip-line somewhere ju s t above the doubly magic nucleus l00Sn.
Using the D aresburv Recoil Separator [5] it was possible to study excited states 
in m irror nuclei 49M n /49Cr and 47C r /47V and N =  Z nuclei in medium mass nuclei 
ranging from 94Ge to 84Mo [3, 4, 6, 7, 8, 9, 10, 11]. 49M n /49Cr is the heaviest m irror 
pair for which there is a com parative level scheme at high spins [4] and 94 Ge is the 
heaviest N =  Z nucleus for which there is a level scheme with more than a few 
levels [3]. Currently 84 Mo is the heaviest N =Z nucleus for which an excited s ta te  
has been observed and only a single transition has been identified [10, 11 ].
As reactions using stable beams make it increasingly difficult to produce these 
exotic nuclei with increasing mass, one can use Radioactive Ion Beams (RIB) an d /o r 
very efficient recoil separators with large detector arrays to produce and study more 
neutron-deficient com pound nuclei. Neutron deficient RIB should have the effect of 
increasing the cross-sections of these channels leading to the N ~Z  nuclei and possibly 
improve the experim ental sensitivity.
Nuclei with N ~Z ~ 28  represent an excellent laboratory for an investigation of 
the validity of the spherical shell models. Many theoretical models predict norm ally 
deformed and superdeformed states a t high spins in this region [12, 13]. However, 
the production yield of these very neutron-deficient nuclei in this region is lim ited 
with a stable beam /target, com bination since the valley of stability  deviates toward 
a neutron excess and away from the N =  Z line. Radioactive ion beam s and very 
efficient recoil separators like the Argonne Fragment Mass Analyser (FMA) may 
open up new areas in the investigation of heavy ion reactions and spectroscopic 
studies in exotic nuclei. New com binations of colliding systems can allow for more 
system atic studies of the reaction mechanisms and structural effects (such as nuclear 
shape) as a function of proton or neutron number. The large available range in Z 
and N could be an im portan t aspect in the study of such reactions.
Figure 1.1: A schematic chart of the nuclides showing the drip-lines and the extent 
of N =  Z nuclei.
In order to assess usefulness of radioactive beams at energies close to the Coulomb 
barrier, a number of questions must be addressed experimentally. For example: w hat 
is the ('fleet of a more neutron deficient compound system 011 the relative yield of 
evaporation products? How do we deal with the high 7 -ray background produced 
from the decay of the scattered beam? W hat is the effect of the lower values of 
beam intensity compared to stable beams? How will using charged particle and 
other ancillary detectors, together w ith beam-pulsing improve the signal to noise 
ratios and the channel selection?
The data  presented in this t hesis include the first use of a neutron-deficient RIB 
( l!)Ne. T i  =  17 s) to induce a fusion evaporation reaction. The outline of this thesis 
is as follows: in chapter 2 a general review of the nuclear models and reactions is pre­
sented. I11 chapter 3 accelerators and the production methods of RIB. particularly  
with respect to the 1!,Ne experiment, are defined and detection techniques, 7 -ray 
and particle detector arrays, ionization chamber and recoil separators are discussed.
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C hapter 4 details the analysis of d a ta  from the J9Ne experiment and suggests ways to 
overcome the problems associated with performing an experim ent in a large radioac­
tive background environment. In chapter 5 the commissioning of the AYEBALL 
G e-detector array w ith the FMA to study very weak neutron-deficient channels I S ' 
discussed. The extended level scheme of 58Ni and the mechanism for the generation 
of high spin states in this nucleus are the subjects of chapter 6. Finally, chapter 7 
presents conclusions and possible directions of future work.
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Chapter 2 
Theoretical Background
Nuclei can be generally described in two ways, either by their bulk (eg. mass, 
mom ent of inertia) or single particle properties (eg. single particle spins). In this 
chapter, simple examples of both models are presented.
2.1 L iquid  D rop  M o d el
This model is based upon the fact th a t the gross collective features of nuclei are 
sim ilar to properties of a droplet of liquid. Therefore, the nucleus has a very low 
compressibility and a well defined surface. This allows us to write the mean radius 
R  of the nucleus as a function of mass num ber A,
R  = r0A * (2.1 )
where r0 is a constant usually taken to be 1.2 fin. Just as the heat of vaporization 
is the energy required to disperse a drop into its constituent molecules, the binding 
energy is the energy required to separate the nucleons within the nucleus. In this 
way a formula for the nuclear mass has been obtained which is known as the semi- 
c.rnpirical mass formula. If M(Z, A) is the mass of a nucleus w ith Z protons and N 
neutrons, then:
M( Z,  A) = Z m( H)  + N m n -  B ( Z , A ) / c 2 
and t.he nuclear binding energy B(Z, A) is given by,
(2 .2)
B  =  n„A- n ,A i -  a,.Z(Z -  1 )A~* -  -  6 (2.3)
The first term  on the right (volume term ), is the binding energy due to the mass 
or volume of the nucleus. Since B varies approxim ately linearly w ith A, this sug­
gests th a t each nucleon a ttrac ts  only its closest neighbours and not all of the other 
nucleons.
The second term  is a correction term  proportional to the surface area of the 
nucleus. I t arises from the fact th a t a nucleon on the nuclear surface is surrounded 
by fewer neighbours and thus less tightly bound than those in the central region.
The ar;Z(Z-l)A~» term  accounts for the Coulomb repulsion of the protons, which 
also make the nucleus less tightly bound.
The fourth term , is the asym m etry term  and accounts for the increasing neutron 
excess in stable heavier nuclei.
Finally, 5 is the pairing term  which is positive for even-even, negative for odd-odd 
and zero for odd A nuclei. The constants a„, a*, af; and aA.?/m are adjusted to  give 
the best agreement w ith the experim ental results. Figure 2.1 shows the variation of 
binding energy per nucleon w ith nucleon num ber (for stable isotopes). As it can be 
seen a typical binding energy per nucleon of m ost nuclei is about -8  M eV/A.
2.2 S p h erica l S h ell M o d el
In atom s, electrons move prim arily under the influence of the common Coulomb 
a ttrac tion  from the central nucleus and th a t motion is perturbed by the Coulomb 
repulsion between the electrons. However, for a nucleus there is no central field 
produced by an external source, simply the strong attractions between nucleons. 
The motion of a nucleon in the nucleus under the a ttraction  of all other nucleons
6
Figure 2.1 : The binding energy per nucleon [16].
lias been approxim ated to motion in an average field from which a spectrum  can be 
calculated.
T in1 experimental observation of changes in nuclear properties, such as an in­
creased number of stable isotopes or isotones for certain Z and X values led to the 
development of the spherical shell model [14]. In addition, those nuclei with one nu­
cleon more or less than the closed shell, showed strong single particle characteristics, 
apparently  dependent only on the behaviour of the extra core nucleon. This sup­
ported the idea of an inert closed shell. The theoretical description of single particle 
aspects of the nucleus on which the shell model is based, was first pu t forward by 
Mayer [14].
In the simplest form the shell model assumes that the nucleus is of spherical 
shape. Each nucleon orbit is characterized by its to tal angular m om entum  j which
7
can have values j=(? ±  I , where t  is the orbital angular m om entum  of the nucleon. 
This gives a 2(21 +  1) fold degeneracy for each I value. The nuclear orbitals are filled 
according to the Pauli exclusion principle. According to this model, the potential 
well is created by an average force exerted by all of the nucleons of the nucleus. 
These nucleons interact w ith each other through short-range forces.
The Woods-Saxon potential [15] and the modified harm onic oscillator potential 
are both  widely used as approxim ations to this average potential, or mean field. 
Typical values for the depth of this potential are around 55 MeV. The W oods-Saxon 
potential is considered to be more realistic because its radius dependence is closer 
to the real nuclear system. For a spherically symmetric potential, the Woods-Saxon 
potential can be w ritten as
W vs — ~ 7 7 “ ;-------°' r-R  i (2 -4 )11 ' p v n  ?— .'La1 v '[1 +  e x p ^ - ]
where V0 is the depth of the potential, r — the distance from the nuclear centre, 
and a~0.5  f in  the diffuseness param eter.
The harm onic oscillator potential is often preferred in calculations as it is simpler 
to solve.
The harm onic oscillator potential is given by,
V(r)  =  I mlo2;-2 -  V. (2.5)
where the param eter r is related to the nuclear radius by
r ~  r0A 5 fm (2.6)
and
V0 ~  55 M eV  (2.7)
uj is the angular frequency and M is the reduced mass of the system consisting of
the single nucleon and the core.
However, neither the pure W oods-Saxon well nor the simple harm onic oscillator 
well are suitable as a realistic shell model potential. A realistic potential should
reproduce the experimentally observed m.agic numbers 2, 8, 20, 28, 50, 82, 126. In 
order to produce the correct magic numbers, two extra terms must be added to the 
harmonic oscillator potential. Therefore, it is better to use
V(r) = IjWwV -  Vo -  /il.s + K.f (2.8)
The constant //, characterizes the strength of the spin-orbit coupling and the value 
of (il.s depends on the relative orientation of the orbital angular momentum vector 
Z and the spin vector s of the nucleon. The k£2 term shifts the levels with higher 
('-values downward, to compensate for the higher-/' wavefunctions being small, close 
to the centre of the mean field.
The spin-orbit term breaks the 2(2/ +  1) degeneracy, lowering the energies of 
the j =  I +  |  states relative to the j =  Z - ~ states. The splitting between the j =  
+  ~ and j =  /  - I  states of the appropriate levels results in the shell closures that 
correspond to the magic numbers. Figure 2.2 shows this splitting in the levels [19].
2.3  R esid u a l In tera ctio n s in  th e  S p h erica l S hell 
M o d el
The single particle model takes into account the individual motion of nucleons inside 
a nucleus which is only an approximation of the exact many-body problem. The full 
shell model wavefunction of a nucleus which has A nucleons is given by the solution 
of the many-body Schr odinger equation [16],
=  { E  —  +  =  (2.9)
where i represents all space, spin and isospin coordinates of the ith nucleon and v(i, 
j) is the interaction potential between nucleons i and j. W ith the assumption of the 
nuclear shell model that each nucleon moves in a potential well, the above equation 
reduces to a sum of single particle Hamiltonians lq,
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Figure 2.2: The single-particle levels for a (a) pure harmonic oscillator, (b) with the 
(- term added and (<:) with spin-orbit term (right). The experimentally observed 
magic numbers are reproduced when the spin-orbit coupling is included [19].
1 0
Ho*  =  { f  />,} *  =  E  V ? + Z (i)}  *  =  E 9  (2.10)
here V(i) is the average held experienced by the ith nucleon and is the same for all 
nucleons. The functions XI; are anti-symmetrized products of single particle functions, 
which are the solutions of the single particle Hamiltonians.
The assumptions made to obtain the simplified equation (2.10) do not lead to 
accurate results when unpaired nucleons occupy outer valence orbitals. Solving 
equation (2.9) for a nucleus with A nucleons is prohibitively difficult. A simpler 
solution exists when we consider the two-body interaction between any two nucleons 
in perturbation theory. Due to the Pauli blocking effect, it is sufficient to consider 
only the interaction between the valence nucleons outside a closed core [16]. In some 
nuclei when protons and neutrons start filling the nuclear shells, it may happen 
that they do not completely fill the subshells. Hence there would be a 2 j+ l fold 
degeneracy for a subshell with total angular momentum j. This degeneracy of states 
is removed by considering the residual interaction.
There are different theories for solving nuclear shell model with an effective resid­
ual interaction. The most im portant ones in calculating the two body m atrix ele­
ments are the exchange of one or several mesons between the nucleons, the simplest 
form of which is the One-Pion Exchange Potential (OPEP) and the Surface-Delta 
Interaction (SDI) which is thought as an effective residual interaction among the 
valence nucleons near the Fermi surface [16] . Kuo and Brown (KB) [17] have used 
the OPEP interaction in the harmonic oscillator approximation using a hard core 
which is very repulsive at short distances. Previous investigations in f-p shell nuclei 
with mass A—52-60 have shown that KB matrix elements are well suited when it is 
the fi subshell holes tha t mainly determine the calculated observables and tha t SDI 
m atrix elements yield better results when the particles in the f-p subshells dominate 
the properties [18].
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2 .4  N u c le i A rou n d  28^28
Nuclei lying in the mass region around N ~Z~28 are a good source for the investi­
gation of the validity of the spherical shell model structure. In this region, low-lying 
configurations are based essentially on a double closed shell at N=Z=28 with m 
particles in the (pa, fy, p i)  subshells and n holes in the fi subshell. Configurations 
such as (f’i)~ M(f-p)m are able to reproduce the main features of low lying states such 
as excitation energies, spins and electromagnetic properties in these nuclei.
However, since the above configurations have limitations in order to reproduce the 
high spin states, breaking the N=Z=28 core and considering the particle-hole excited 
configurations such as (fi)~"” I(f~p)m+l and (f i)“n -2(f-p)m+2 are more favourable 
than the promotion of nucleons into the go subshell.
2.5 C o m p o u n d  R ea ctio n s
In order to excite nuclear states at high spins one searches for reactions which transfer 
the highest possible angular momentum to the nucleus of interest, with the largest 
possible cross-section. It was found that heavy ion fusion-evaporation reactions 
provide a most efficient way to achieve this. In a compound reaction, the colliding 
nuclei fuse together and create a hot spinning compound system, in which the input 
energy is distributed in a random manner over all the constituent nucleons. The 
lifetime of this combined system (projeetile-4-target nucleus) is long enough (of the 
order of 10“ 16 to 10“ 18 s compared to 10“22 s for a direct reaction) for thermodynamic 
equilibrium to be reached before it decays.
Since compound systems are produced with considerable excitation energies, and 
the strong interaction is much stronger than the electromagnetic, the evaporation of 
a few particles always precedes the 7-ray emission. For heavier nuclei the Coulomb 
barrier inhibits the evaporation of charged particles but the evaporation of neutrons 
is hindered only by the centrifugal barrier (which becomes negligible for low angular 
momentum). As the compound system becomes more and more neutron-deficient,
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the neutron binding energy becomes larger while the proton binding energy de­
creases until proton emission competes with, and eventually dominates over neutron 
emission.
Particle evaporation from the compound nucleus leaves the residual nucleus with 
high angular momentum but considerably reduced excitation energy. The remaining 
angular momentum and excitation energy are mainly removed by the emission of 
discrete 7-rays. As a result of the initial state of high angular momentum, the 7-ray 
emission following the particle evaporation starts at high spin. This makes possible 
the study of high spin states in these nuclei.
As schematically shown in figure 2.3, the point in the excitation energy vs spin 
(E, I) plane at which particle emission is no longer energetically feasible is called 
the entry point. Cooling of the nucleus beyond this point is by the emission of 7- 
rays. De-excitation of the residual nucleus by 7 emission is observed as a series of 
discrete transitions and a distribution of unresolved transitions called the statistical 
continuum. I11 the (E, I) region, the decay process follows a trajectory as the residual 
nucleus decays by a series of discrete 7-rays. The decay path corresponding to the 
minimum energy for a given spin along the (E, I) plane is called the yrast line. There 
are 110 states below the yrast line. However, above it there may be one or more decay 
paths giving rise to additional cascades in the decay scheme of the nucleus. It is well 
established experimentally tha t fusion-evaporation reactions preferentially populate 
yrast or near yrast states (eg. [21]).
To create a rapidly rotating cold nucleus with high angular momentum, it is 
desirable to make the excitation energy of the compound nucleus as small as possible 
while keeping the angular momentum of the system high. However, because of the 
limitation of the combination of the projectile and the target for creating a particular 
nucleus of interest by means of the fusion reaction, it is in general not easy to make 
the temperature (excitation energy) of the fused compound system very low. By 
the use of an RIB it may become possible to select the optimal combination of the 
projectile and the target for creating the particular compound nucleus of interest.
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figure  2.3: 1 he (E. I) diagram illustrating the cooling process in a compound nu­
cleus [110].
Classically, for a fusion reaction to proceed, tho minimum kinetic energy of the 
projectile must be equal to the Coulomb repulsion. The value of the Coulomb barrier 
in the e('iitrc‘ of mass system can be approximated by [22].
7  7
\',<A =  M('V (2-11)
where Z, is the charge' of the target, nucleus and Zp is the charge' of the pro.jeict.ile.
The' maximum elistanee between the colliding nuclei which leaels to any reaction can
be1 parame'trize'd by [22].
/? =  1.36(.-if +  A l)  +  0.5 fm (2.12)
numbers
where1 A/ auel A p are' the mass V  of tlie target nucleus and projectile respectively. 
The maximum angular momentum transferred to the: compound nucleus is given by,
y . ,  =  ~ C a r.™ -c ,„ ,)  (2.13)
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where //, is the reduced mass. The centre-of-mass kinetic energy is related to the 
kinetic energy of the beam in the laboratory system by,
(2.14)
The maximum excitation energy of the compound nucleus 
is obtained from:
E'er. —  E rm  T  Q  fu s (2.15)
where Q/„* is the Q-value of the compound system. If compound nucleus evaporates 
x protons, y r.r-particles and z neutrons, then the Q-value for the residual nucleus is,
n:-par tides, neutrons and residual nucleus, respectively.
The excitation energy for the residual nucleus can then be approximated by,
where EfV and Ev are the kinetic energies of a:-particles and protons to overcome 
the Coulomb barrier of the nucleus and En the kinetic energy of neutrons which is 
usually about 1-2 MeV. Together with equation 2.13, this allows the entry point in 
the (E, I) plane to be estimated (see figure 2.3).
To help estimate the beam energy to produce the maximum cross-section for a 
particular channel, the statistical model code PACE (Projection Angular momentum 
Coupled Evaporation) [23] was used. This utilises a Monte Carlo procedure to 
determine the decay sequence of an excited nucleus. This code uses the Hauser- 
Feshbach [24] formalism to consider the effects of angular momentum and parity
Qves = [M{Ar , Z p) + M ( A l, Z l) - x M ( f l ) - y M f a - z M { n )
— M ( A v +  Ai -  x  — 4y — z , Zv +  Z L -  x -  2y)\c2 (2.16)
the right hand parameters are the rest mass energies of the projectile, target, protons,
ix E rtn T Q res  ! j E n x E p  Z,En (2.17)
2.6  P A C E  C alcu la tion s
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conservation on the fusion-evaporation particles. In this way, one can calculate the 
decay probability of an excited nucleus with an excitation energy E and spin J into a 
specific exit channel. A typical output from such a calculation includes the A and Z 
distribution of the residual nuclei and their cross sections, as well as proton, neutron 
and alpha emission spectra.
2 .7  G am m a-R ay  A n gu lar  D istr ib u tio n s  and  S e­
le c tio n  R u les
The spins of excited states observed in fusion-evaporation reactions can be inferred 
from the angular distributions of the emitted 7-rays. I11 most cases the decays 
occur bv dipole and quadrupole transitions, or mixtures thereof. In these cases, 
the angular-distribution function, W(0)  for a transition J* J /•, where J?; and J /• 
represent the spin of the initial and filial nuclear states can be expressed by,
W(0) = / 0[1 +  d'zP'i (cos ()) +  a4P4{ cos#)] (2.18)
where 1D is the intensity, a2 and a,4 are angular distribution coefficients which depend 
011 ,1 and the reaction mechanism and P 2(cos0) and P 4 (cos#) are called Legendre 
polynomials defined by,
P2(cos#) =s -(3  cos2 0 -  I) (2.19)
P,\ (cos 0) — i (35 cos4 0 — 30 cos2 0 +  3) (2.20)
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In most cases, a reasonable approximation is that a,|~0 to first order [25]. The 
value of the angular distribution coefficients, a2, can be used to infer the multipolarity 
of a transition, as shown in table 2.1.
Conservation of angular momentum requires,
I Ji ~X~ J f  D  Lj- P\ — A  I (2.21)
where Lr is the angular momentum carried by the photon. Parity change 7Tr is
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3-2 Multipolarity Assignment
+0.3 J —>J-2 ( quadrupole transition) 
or J —>J (dipole transition)
-0.2 J —>J-1 (pure dipole transition)
(-0.2)—>(+0.3) M1/E2 (Mixture)
Table 2.1: Multipolarity assignments based on values of the angular distribution 
coefficient a2.
directly related to Lr and is given for electric multipole radiation by,
ir,.(EL) =  ( - I ) '"  (2.22)
and for magnetic multipole radiation by,
7 tt (ML)  =  —(—I)1"' (2.23)
The transition probability from initial state J; to final state J / summed over all 
magnetic substates is given by [16],
= numfrw (fi)""1 B[XLr'Ji J/) (2-24)
where A is electric (E) or magnetic (B) radiation. The B(A) values are called reduced 
transition probabilities which are given by reduced matrix elements Q(A L?.),
B(XL,., Ji J} ) =  — |<  Jj  II Q(XLr) II Ji > |2 (2.25)
<1 ~T" -L
The B(ALr , J i —> J j)  values contain information about initial and final nuclear 
states and are often measured in Weisskopf units [16] which are estimates for single 
particle transition strengths. Transition probabilities T (s-1) expressed by B(A) and 
the Weisskopf units B,s?; for lower multipole orders are given by [16],
T ( E l )  = 1.587 x 10lbE :iB{ E l )  B sp(El )  = 6.446 x U r 2A i (2.26)
T(E2)  =  1.223 x lGl,E r’B(E2)B,„(E2) =  5.940 x 10 (2.27)
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T(E3)  =  5.698 x W 2E 7B(E3)  B,„(E3) =  5.940 x l ( r 2A 2 (2.28)
(2.29)
(2.30)
(2.31)
T (M 1) =  1.779 x 1013£ SJ 9 ( J W 1 ) 1) =  1.790 
T (M 2) =  1.371 x 107E r‘B(M2)  =  1.650/1J
T (M 3) =  0.387E7B (M 3) ) =  l.G5(M3
where energies E are measured in MeV. If the experimental transition rates are 
much greater than Weisskopf estimates, this may be evidence of collective motion of 
many nucleons taking part in the transition.
Directional Correlations of 7-rays deexciting Oriented states (DCO) provide a method
to obtain transition multipolarity information from the 7-7 coincidence data [26]. In
a compound reaction a large amount of angular momentum can be transferred to the
nucleus by the projectile. The angular momenta of the compound nuclei are aligned
in a plane perpendicular to the beam direction. That is, they are found in the m=0
substate relative to the beam direction. Each 7-ray emission can change the m-state
by an amount up to the multipolarity. Thus, the alignment gradually reduces by
the deexcitation of the nucleus through a cascade of 7-rays until it reaches a point 
«>
where the nuclei are randomly oriented (ground state).
The 7-radiation from an excited nucleus could be a dipole or a quadrupole radi­
ation or a mixture of both of them. This multipole order of the radiation and their 
mixing ratio can be determined by the DCO method. I11 this method, at least two 
detectors are needed in two different angles 0\ and #2 relative to beam direction to 
determine the directional correlation of a 7-ray cascade. By gating on transition 71 
at angle #2 (Gate.^p) and measuring the intensity of 72 at angle 0\ (I072) and the 
reverse case, that is gating 011 transition 71 at angle ()\ (G ateau) and measuring the 
intensity of 72 at angle #2 (Iyp), we can define the experimental DCO ratio as [26],
2 . 8  D C O  R a tio s
( 2 . 3 2 )
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For example in the AYEBALL geometry (see later), the angles (79°+101°+134°) 
versus angle 158° gives R p co —1-0 for a stretched E2 transition gated by a stretched 
E2 and approximately R d co —0.6 for E l or pure Ml gated by a stretched E2. Mixed 
E2/M1 transitions can have values between 0.25 to 1.25.
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Chapter 3 
Experimental Techniques
3.1 O verv iew
In order to fuse nuclei together, they must first have enough relative kinetic energy
to overcome the Coulomb repulsion between beam and target. An accelerator is a
device for giving energy to a beam of particles and directing them toward a specific
target. Depending 011 the range of energies which can be produced, accelerators are
classified as low energy (10-100 MeV), medium energy (100-1000 MeV), and high
energy (> ‘1000 MeV) instruments.
Heavy ion accelerators are made up of several components. These include the
ion source for ionizing the beam of particles that is to be accelerated. Depending
on the application and chemistry constraints, the ions may be positive or negative. 
✓
In an Electron Cyclotron Resonance (ECR) source or positive ion injector, a gas of 
atoms is ionized by subjecting it to an electric discharge and then extracting the 
positively charged ions by acceleration toward a negative electrode at a potential 
of the order of 10 kV. Positive ions are used in cyclotrons and linear accelerators. 
In Tandem Van de Graaff accelerators, the negative ions are produced in an ion 
source [40] by passing a beam of positive ions through a neutral gas which has 
relatively loosely bound electrons (usually Cesium). The positive ions capture these 
electrons to become negative ions. These negative ions are accelerated towards a
2 0
positive central voltage and then enter a thin carbon foil or gas stripper where they 
lose their electrons and become positive ions.
3.2 A cce lera to rs
There are different types of accelerator, the design of which depends on the energy 
and intensity of the beams needed for doing the experiments [41]. Cyclotrons, linear 
accelerators and tandems are the main accelerators used in the study of nuclear 
structures.
3.2.1 C yclotron A ccelerators
The cyclotron accelerator is a circular device in which a pulse of particles makes 
many cycles through the device, increasing its energy in each turn until the beam 
comes out from the accelerator. The bending of the beam into a circular orbit is 
caused by the Lorentz force (qvB), which provides the centripetal acceleration of the 
circular motion,
„  „  m.v2
F  = qvB — -----  (3.1
r
where q is the charge of the particle, rn and v its mass and velocity, and r its 
instantaneous radius. The period for completing one circular orbit is,
2nr 2tt7?7,
t =  =  —  3.2
v qB
and its frequency is,
" = ;  = £  <3-3>
which is called the cyclotron resonance frequency of a cyclotron.
Note tha t the period of a particle through the cyclotron is independent of the
radius of the orbit. This is because as the particle spirals to larger radii, its energy
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also increases and hence the gradual increase in its orbit is compensated by the 
increasing speed.
The maximum velocity of the particle is a t the largest radius (R) where it emerges 
from the cyclotron,
qBB.
Umax — (3.4)in
This corresponds to a kinetic energy T, given by
_  1 o q2B 2E 2
T  = j ™ -  =  "■'2m (3-5)
The accelerating capability of a cyclotron is defined in terms of a parameter (k) 
which is related to the kinetic energy T of the particle by [27],
A T  . .
k =  —  (3.6)
where (Z) is the atomic number and (A) the mass number of the particle. The 
parameter (k) corresponds to the kinetic energy to which protons (A = l, Z = l) would 
be accelerated. Heavier ions are accelerated to kinetic energies equal to
3.2.2 Tandem  Van de G raaff A ccelerators
A Tandem Van de Graaff [42] is a multistage accelerator which by charge-exchange 
can produce energetic ion beams above the Coulomb barrier for compound reactions. 
First a beam of negative ions (q =  -1) is accelerated out of its source toward a high 
voltage terminal in the centre of a pressurized (10-20 atmospheres) tank. The tank 
contains an insulating stable gas like SFC to prevent breakdown*lid sparking between 
the machine components (such as the terminal) which are at high voltage, and the 
tank. Then the negative ions pass through a thin carbon foil at the central terminal 
where they are stripped of some or all of their electrons depending on the atomic 
number of the ion (higher Z atoms have more tightly bound electrons which are more 
difficult to strip off) and become positively charged. The stripped positive ions are
2 2
accelerated away from the central terminal and after passing through electric and 
magnetic fields for focusing, bending, and selecting the desired energy the beam can 
be used directly to bombard a target or injected into a post accelerator for further 
acceleration.
3.2.3 Linear A ccelerators
In a linear accelerator (linac), particles move in a straight line and receive many 
accelerations by passing through a series of electrodes separated by gaps and al­
ternately connected to opposite poles of an ac voltage source (V=V0coswt). The 
distance (L) between gaps must be such that an ion enters an electrode when it is 
at a negative potential and leaves it when it has a positive potential, hence
where v is the velocity of ion in the electrode and T is the period of the oscillating 
voltage [27]. Nonrelativistically, after crossing 11 gaps, the velocity is,
where q and 111 are charge and mass of the ions. Hence the length of nWl* electrode 
is,
ATLAS (the Argonne Tandem Linear Accelerator System) is a superconducting ac­
celerator for heavy ion beams [34]. The beam is provided by one of two pre-injector 
accelerators: either by a 12 MV ECR. ion source [35, 36] or a 9 MV Tandem Van 
do Graaff accelerator. After bunching, ions are injected into the 20 MV booster
(3.8)
3.2.4 ATLAS Facility
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Figure'. 3.1: Layout of the ATLAS facility [35]
linear accelerator for further ionization and acceleration. Finally these ions enter 
l ho 20 MV ATLAS linear section where they reach energies as high as 17 MoV per 
nucleon and arc' delivered to the target. Figure 3.1 shows the ATLAS facility with 
its Tandem and ECR ion sources [35].
3 .3  R a d io a ctiv e  Ion  B ea m  p rod u ction
Currently, there are two main ways to produce intense beams of radioactive, heavy 
ions at energies useful for nuclear physics studies [43, 44]. These are the Projectile
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Fragm entation m ethod (PF) and the Isotope Separator On-Line m ethod (ISOL). 
Much effort is presently being expended in the construction of radioactive beam  
facilities in Europe [45, 46, 47], N orth America [48, 49, 50, 51] and in Japan  [52].
In the P F  m ethod, ail energetic (>50 M eV /u), stable heavy-ion beam  bom bards 
a thin target. Those projectiles which are involved in peripheral reactions w ith the 
target nuclei can lead to fragm entation of the projectile nucleus. The fragm entation 
products of interest can then be selected on-line from the wide range of reaction 
products using electrom agnetic devices. This leads to a wide range of very energetic 
and reasonably intense beams of short-lived radioactive species. The advantages of 
this technique are fast separation, no chemical selectivity, relatively simple produc­
tion targets and beam s th a t do not require further acceleration. The drawbacks are 
noiioptim um production energies which are normally above the desired energies for 
many experiments, poor beam em ittance and lim ited prim ary beam  intensity. The 
four m ajor P F  laboratories in operation are GANIL in France, GSI in Germany, 
NSCL in U.S.A. and RIKEN in Japan.
The second approach (ISOL) involves the coupling of a prim ary radioisotope 
production accelerator to an isotope separator th a t is itself coupled to a post­
acceleration system. In this m ethod, typically a high energy light ion beam  is di­
rected onto a thick, high-tem perature target which allows the reaction products to 
diffuse, into an ion source. The radioactive ions are extracted and mass separated
* sbefore being injected into a  second accelerator. The m ajor ISOL laboratorfe cur­
rently in operation are a t Louvain-la-Neuve in Belgium and ISOLDE a t C ER N un 
Switzerland.
The two m ethods have their own advantages and disadvantages. The ISOL 
m ethod has the advantage of producing higher intensity beam s with better beam 
quality than  the P F  m ethod, bu t a t a lower beam energy. The m ain drawback 
to the ISOL m ethod is th a t the diffusion/desorption and ionization processes are 
strongly element (chem ical)-dependent and slower than the PF  m ethod. In many 
cases, significant decay losses can occur in this release stage. Production of the 19Ne
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radioactive beam at Lonvain-la-Neuve will be discussed in more detail in chapter 5.
3 .4  D e te c t io n  T echn iques
3.4.1 G am m a-R ay D etectors
To investigate the structure of a particular nucleus it is useful to measure the energy 
of the electrom agnetic radiation em itted as the nucleus decays from its excited states. 
The ideal 7 -ray detector has good energy resolution, a large detection efficiency and 
fast tim ing characteristics. Gam m a-rays in teract with m atte r through the processes 
of photoelectric absorption, Compton scattering, and pair production.
1.Photoelectric Absorption- I11 the photoelectric interaction, the photon ejects a 
bound electron from an atom . All of the photon energy hu is given to  the electron, 
which is ejected from the atom  with an energy 1 \v  - E/,, where E/, is the binding energy 
of the electron. The cross section for the photoelectric effect increases rapidly with 
the atom ic num ber Z and decreases with increasing photon energy (see figure 3.2).
2. Compton ScaMering- The Compton effect is essentially an elastic collision be­
tween a photon and an electron. During this interaction the energy of the incoming 
photon is shared between the energy transferred to an electron and a scattered pho­
ton. If the Compton scattered photon is em itted a t an angle #, then it will have an 
energy given by,
-^ 7 ~  e7 77 W (3.10)
where m 0c2 is the rest-m ass energy of the electron (0.511 MeV). For small scat­
tering angles #, very little  energy is transferred to the electron. A t 0 — it, m ost of the 
energy is transferred to the electron (Com pton edge). I11 norm al circumstances, all 
scattering angles will occur in the detector and the result is a continuous Com pton 
background ranging in energy from zero to the Compton edge. As figure 3.2 shows, 
the cross section for Com pton scattering decreases with increasing photon energy.
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Figure 3.2: Linear a ttenuation  coefficients as a function of 7-ray energy for (a) Ge, 
(b) Nal and (c) BOO [53].
3 .Pair Production- In the pair-production effect, a high ('liergy photon interacts 
w ith the electrom agnetic field of the atom  and can be converted into an electron- 
positron pair. The photon energy is converted into the rest-mass energy and the 
kinetic energy of tin1 electron-positron pair. The minimum photon energy necessary 
for this is 1.022 MeY, an am ount equivalent to two electron rest masses. The cross 
section for pair production increases w ith photon energy once above this threshold 
energy.
The a ttenuation  of the photon beam  can be described by a simple exponential 
law,
N  = N 0 exp ( 1 ix ) (3.11)
where N is the number of rem aining photons in the beam after traversing distance' 
x, and the linear absorption coefficient //, is the sum of three terms due to the three 
above mentioned processes. However, as figure 3.2 dem onstrates, the cross sections 
for the three processus listed above vary from m aterial to m aterial [53]. As a result 
the choice of 7 -ray detector used depends on which particular a ttribu tes (for example 
resolution or efficiency) are required for the experim ent of interest.
2 7
3.4.2 Sem iconductor D etectors
The periodic la ttice of crystalline m aterials establishes allowed energy bands for 
electrons th a t exist within th a t solid. The energy of any electron w ithin the pure 
m aterial is confined to one of these energy bands. These are called the valence band, 
corresponding to those electrons th a t are bound to specific crystal lattice sites and 
the conduction band, representing those electrons th a t are free to m igrate through the 
crystal. The two bands are separated by the bandgap or the energy gap. If a valence 
electron gains sufficient energy from an incoming photon, it will be raised across 
the bandgap into the conduction band. This excitation process not only creates an 
electron in the conduction band but also leaves a vacancy or hole in the valence 
band. The com bination of the two is called an electron-hole pair and is roughly the 
solid s ta te  analogue of the ion pair in gases.
A good energy resolution requires the production of many electron-hole pairs for 
a given 7 -ray energy. A semiconductor such as germanium (Z =  32) achieves this 
because the energy gap between the valence and conduction bands is relatively small 
(~q^cV). Due to the small size of this energy gap, therm al excitations will cause a 
conductivity in the form of unwanted noise. This can be minimised by operating the 
Ge detector at liquid nitrogen tem perature.
3.4.3 11-Type and p-Type Sem iconductors
In an intrinsic sem iconductor the number of the electrons in the conduction band 
are equal to the number of holes in the valence band (in the absence of ionizing 
radiation). In practice it is impossible to have a pure semiconductor even for silicon 
and germ anium  which have the highest practical purities. The addition of very small 
num ber of im purity atom s (a few parts per million) tends to change the electrical 
conductivity of these materials. The m aterial can be characterised as either n-type 
(donor) or p-type (acceptor), depending on whether there is an excess of electrons 
in the conduction band or holes in the valence band respectively [69].
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3.4.4 Scintillation D etectors
A scintillator is a m aterial which can convert the kinetic energy of charged particles 
into detectable light and should be transparent to the wavelength of its own emission. 
Scintillators can exist in inorganic crystals like bism uth germ anate (Bi4Ge,30 i2), 
usually referred to as BGO, sodium iodide (Nal), barium  fluoride (B aF2) and in 
organic liquids and plastics like NE213 and NE102 [69], The principal scintillation 
light is em itted  in transitions between quantum  states of the molecules of the detector 
m aterial which are excited as a consequence interaction w ith the 7 -ray energy. BGO 
has a relatively large density and high atom ic number (Z =  83), and is a very efficient 
7 -ray detector. However, it has a poor light output compared to other scintillators 
resulting in a poor energy resolution especially a t low energies. In a scintillator 
detector the light signal is converted to an electron pulse using a photom ultiplier 
tube consisting of a photocathode and a set of dynodes which amplify the photo­
electric current [69]. This electron pulse is then converted to a voltage using pre­
amplification.
3.4.5 The Escape Suppressed Spectrom eter (ESS)
The ideal 7 -ray spectrom eter should have a response function consisting of a single 
peak only w ith no associated continuum. The Compton continuum  in 7 -ray spec­
tra  from Ge detectors is generated prim arily by 7  rays th a t undergo one or more 
scatterings in the detector followed by escape of the scattered photon. Therefore, 
coincidence detection of the escaping photons in a surrounding annular detector can 
serve as a means to reject those events adding to the Compton continuum.
To be effective, the surrounding detector m ust be large enough to intercept m ost 
of the escaping photons and should have a good efficiency for their detection. Scin­
tillation detectors meet these requirements and both Nal and BGO have been used 
for this purpose. Typically an escape suppressed spectrom eter consists of three el- 
em ents [28]. These are eight op tica ll^B G O  segments, the n-type Ge detector and 
the BGO catcher. Figure 3.3 shows the arrangem ent of these elements [28].
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Figure 3.3: The three elements of a TESSA type ESS system [28].
The m ateriel at the front of the suppression shield is sometimes made of Nal, 
which has a better response for low-energy 7 -rays than BGO. This is useful because 
barkseattered photons carry the lowest, energy. A11 array of TESSA-type [28] ESS 
can be used in coincidence with other large pieces of apparatus for example: charged 
particle detectors, neutron detectors, recoil separators.
3.4.6 G am m a-R ay S pectrom eter A rrays
To improve the sensitivity of p-ray detection, it is necessary to use large arrays of 
7 -ray detectors [31]. Several of these arrays have been constructed and used for 
nuclear s tructu re studies in different countries, such as POLYTESSA [32] with 20 
ESS Ge-det.ec.tors in UK. EUROGAM [37] with at least 70 detec tors in the UK and 
France1. EUROBALL [31] with upt.o 1G1 Ge crystals at IXFX Legnaro (Italy) and 
GAM M ASPHERE [38] with 110 detectors in USA.
Each EUROGAM detector has a larger Ge-erystal than a TESSA type1 [28] (80%
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relative to a 76 mm x 76 mm N al detector a t 25 cm) and its suppression shield has 
10 optically isolated BGO segments, each fitted with an individual photom ultiplier 
tube. In the GAM M ASPHERE array, each detector has a cylindrical Ge-crystal 
with the dimensions of 7 cm in diam eter and 8 cm long.
Therefore, to obtain large am ounts of coincidence d a ta  in a short tim e, m ulti-detector 
arrays are required. These coincidence da ta  are useful for determ ining the position 
of 7 -rays in level scheme. The coincidence d a ta  are analysed in the form of a two 
dimensional energy m atrix , the two coordinates of which represent the 7 -ray energies 
in any two detectors. Each point in the m atrix  corresponds to a measured coincidence 
between the two detectors, one registering E7( of a particular cascade and the other 
E72 of the same cascade. Also, it is im portan t to know th a t these arrays improve 
the statistics and the signal to noise ratio.
One of the problems of using detector arrays, especially in heavy ion reactions, is 
th a t they may register photons from other nuclei in addition to a particular nucleus 
of interest. Therefore, it is desirable to have some sort of ex tra  reaction channel 
selection. There are different ways to achieve this channel selection, for example a 
BGO ball [53], recoil mass separators [29] and particle detectors [30].
3.4.7 N eu tron  D etectors
The neutron detectors used in the work described in this thesis consisted of organic 
liquid scintillators such as NE213 [66]. They detect neutrons via the (n, p) scattering 
process. These m aterials contain large am ounts of hydrogenous com pounds and 
when exposed to protons of different energy, absorb their energy and rc-em it them  
in the form of visible light w ith a delay time on the order of a few nanoseconds.
The decay tim e between this absorption and re-emission may be w ritten as a 
2-com ponent exponential equation,
If N detectors are used, there are ^  possible combinations of detector pairs.
( 3 . 1 2 )
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Figure 3.4: Fast and slow com ponents of a scintillation light. The solid line represents 
the total light decay curve [06].
whore one component is generally much faster than the other, and thus they are 
referred to as the fast and slow com ponents [66]. In the above equation, N is the 
num ber of photons em itted at time t, 77 and r s. are the decay constants, and A and 
B arc their relative m agnitudes. Figure 3.4 shows the relation between these two 
decay components.
The main problem with these detectors is th a t they are also sensitive to  7 -rays 
produced a t the target. In the (7 , e) Com pton scattering reaction, electrons recoil 
through the scintillator m aterial and hence making ionizations which are not from 
neutrons. In the study using the AYEBALL array (see chapter C) lead shields were 
used to reduce the number of 7 -ravs entering the neutron detectors. By using delayed 
pulse shape discrim ination and time of flight techniques, additional elim ination of 
7 -rays was possible from 2-dimensional spectra constructed off-line for each neutron 
detector (see chapter 5).
3.4.8 Fragm ent M ass A nalyser (FM A)
The FMA [67] is an 8.2 m long recoil separator installed at the ATLAS lieavy-ion 
accelerator at, Argonne N ational Laboratory. By using two electric dipoles (ED I, 
ED2) and one m agnetic dipole (MD), this device separates reaction products from
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the prim ary beam  and then disperses them  by mass over charge a t the focal 
plane. The two m agnetic quadrupole doublets (Q1-Q4) a t the entrance and exit of 
the instrum ent, provide geometric focusing and control of A dispersion a t the focal 
plane. Figure 3.5 shows the layout of the FMA.
EDI ED2 PPAC Ion Chamber
Ql Q2 MD ^ ^  Q3 Q4
Beam
— c o a - c o - f f l - f f F R c s ’
Figure 3.5: Schematic diagram  of the Fragment Mass Analyser.
W hen the FMA is positioned a t 0°, the prim ary beam is stopped in the anode of 
the first electric dipole. The FMA has an entrance solid angle of 8 rrisr, an energy 
acceptance of 20% around the central energy, and an — acceptance of ±7%  around 
the central mass.
At the focal plane of the FMA, a 15 cm horizontal by 5 can vertical Parallel P late 
Avalanche Counter (PPAC) is used to measure X and Y position, time, and energy 
loss (AE) inform ation for the particles which pass through it. The anode s ta rts  
a TD C and the 4 delay line signals right (R), left (L), upper (U), and down (D) 
provide ‘s to p ’ signals. Horizontal X position is obtained from R-L and the vertical 
(Y position) from U-D. The energy loss of the ions is derived from the cathode 
signal. The PPAC has mylar (CgH|0 (Xi) entrance and exit windows of thickness 125 
p g /cm 2 and uses isobutane gas a t a pressure of 3 Torr. For additional Z resolution 
of the recoils, o ther detector systems such as a gas ionisation cham ber can be placed 
behind the FMA.
3.4.9 Ion C ham ber
In the work discussed in this thesis performed on the FMA, the charge identification 
of different isobars was obtained using a 3 segment anode ionization cham ber a t the 
back of the FMA. Each of the anodes gives an energy loss signal A E which can be
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added after gain m atching to form a to tal energy signal E lot. The ionisation cham ber 
for the focal plane of the FM A was based 011 the design of one previously built for 
the D aresbury Recoil Separator [68]. The length of the E-A E detector was chosen 
to be 312 mm (A E1—58 mm, A E2=50 mm, A E3—200 mm) so th a t m ost particles 
of interest could be stopped w ithin the cham ber for iso-butane gas pressures of 40 
fcorr or less. The ion cham ber had a window thickness of 200 //,g/crn2 mylar;
A lim iting factor in experiments a t D aresbury was the to tal counting ra te  in 
the ionisation chamber due to poor beam rejection. To improve the performance of 
the new cham ber with rate it has been built with the anode divided into segments 
across the focal plane. Recoils entering the detector sim ultaneously may then be 
detected under separate sections of the anode and processed in different amplifiers. 
If the beam  rejection in the FMA is sufficiently good tha t the counting rate  in the 
detector is low then the various sections of the anode can be linked together and 
fewer amplifiers are used.
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Chapter 4 
Louvain-la-Neuve Experiment 
Using a RIB
4.1  M o tiv a tio n
Charge independence of the nuclear forces dem ands the same force between any 
two kind of nucleons. It results in the structures of m irror nuclei (nuclei with the 
same mass number and the number of protons in one of them  equals the num ber 
of neutrons in the other) being alm ost identical, except for the small effects due to 
Coulomb interaction where the sym m etry is being broken. The study of this symme­
try breaking reveals details of nuclear structure. This shift in m irror sym m etry will 
be observed mostly as a function of spin where the protons an d /o r neutrons rearrange 
themselves in new shell model orbits and hence cau s^  changes in Coulomb energy 
differences. These effects have been seen recently in the 47C r /47V and 49M n /49Cr 
m irror pairs [4, 6, 7].
Up to now, the high spin study of the m irror nuclei has used stable beam /target, 
com binations. Since the production of heavier m irror nuclei requires the form ation 
of a com pound nucleus which m ust be further away from the stability  line, one way 
to achieve this problem is using a  neutron-deficient radioactive ion beam. In this 
way one can increase the cross-section for the production of more neutron-deficient
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nuclei in comparison with reactions induced by stable beams. The first test of a 
fusion-evaporation com pound nucleus by a radioactive ion beam  was done a t the 
Louvain-la-Neuve laboratory, with the aims of studying the m irror nuclei 55N i/55Co 
and also to provide inform ation on the problems to be faced in using a radioactive 
beam  for nuclear spectroscopy.
4 .2  19N e + 40C a E x p er im en t
The experim ent used the ISOL m ethod described in the previous chapter to produce 
a. neutron-deficient J9Ne beam  with the aim of investigating neutron-deficient nuclei 
around A =  55. Figure 4.1 shows a schematic of the experim ental set-up used in the 
present work and figure 4.2 shows the region of the Segre chart investigated in the 
above reaction.
Figure 4.1: Schematic view of experimental setup.
The radioactive L!)Ne beam  was produced in a two stage process [54]. Initially, the 
CYCLONE 30 cyclotron produced 30 MeV protons with a current of 150 pA  which 
bom barded a thick Lithium  Flouride target to produce the radioactive atom s via 
the l!)F(p, n )H)Ne reaction. The L9Ne decays via (1+ emission to l!)F w ith a lifetime
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of 17 seconds. The target was melted by the beam (melting point 1118 I<) and was 
enclosed in a graphite cylinder which isolated the hot target m aterial from the cold 
copper holder. The J9No diffused out of the cylinder through the hot carbon window. 
These radioactive atoms, as well as a large number of l9F isobaric contam inants, were 
then turned into positive ions in an Electron Cyclotron Resonance (ECR,) ion source 
and injected into the CYCLONE accelerator which was timed to provide an almost 
isotopically pure beam.
To achieve a high isotopic purity in the final beam, CYCLONE was tuned as a 
mass spectrom eter so th a t the intensity of the 19F contam inants is reduced far below 
(less than 1 p art in 600) the radioactive beam  intensity after acceleration. Using 
this m ethod, beams of up to 150 ppA (9.4 x '108 particles per second) of L9Ne4+ were 
accelerated to final beam bom barding energy of 70 MeV. The beam was pulsed to 
provide beam bursts separated by 73 ns. This beam pulsing was invaluable in the 
subtraction  of random  events (see below). The beam was incident on a 1.6 m g/cm 2 
thick 4WCa target which was prepared and kept in vacuum before use and then 
transferred to the chamber. This was im portan t to avoid oxygen contam ination of 
the target. The centre of mass energy of the beam  of 47.5 MeV is above the Coulomb 
barrier for this system allowing fusion-evaporation type reactions.
Gam m a-rays were identified from residual nuclei formed in th e 40C a(19Ne,xpya:zn) 
reaction using an array of 7 TESSA (Total Energy Suppression Shield Array)-style 
Ge detectors [28] with efficiencies between 20% and 25%, relative to a 76 mm x 76 
mm N al detector a t 25 cm. In order to compare the residual yields from a stable 
beam , an experim ent was also performed using a l9F beam on the same target.
The germ anium  detectors were placed in the backward hemisphere because the 
forward hemisphere was expected to be swamped with scattered radioactive beam  
particles, even when using thin targets. The Ge detectors were supported in a 
framework such th a t three of them  were a t 90° while the others were a t 145° to the 
beam direction. To reduce the am ount of 511 koV annihilation radiation observed 
in the germ anium  detectors from the decay of the beam particles, the detectors were
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Figure 4.2: A section of the chart of nuclei showing the compound nucleus and 
residual nuclei for the reaction 19Ne +  40Ca a t a beam energy of 70 MeV.
collim ated towards the target and 2 cm of Pb  shielding was placed around all of the 
detectors and beam collimators. The beam  stop was 2 m behind the ta rge t position 
and well shielded with a wall of lead bricks.
The microstrip silicon detectors [39], known as the LEDA array, (used to  detect 
evaporated proton and alpha particles) were placed in the forward direction. In 
order to gain inform ation of the charge, Z of the residual nuclei produced, coinci­
dences between gam ma-rays and evaporated light charged particles were measured. 
The high granularity of this device allowed inform ation on multiple charged particle 
events. This detector array was covered by a retractable 11.7 m g/cm 2 alum inium  foil 
which stopped the scattered beam  particles. A chamber housed all the com ponents 
(except the Ge detectors) in a high vacuum (~ 1 .7 x l0 -5 mbar).
For the calibration of silicon detectors, a mixed 241 Am-244Cm-238Pu source was 
used. The Ge detectors were calibrated using a 152Eu source. Initially, a calibration
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of the apparatus and the method of analysis was performed using the l9F + 40Ca 
reaction. Since the energy calibration of Ge detectors waS not linear in the whole 
of the spectrum, especially below 511 keV and above 2000 keV (because of the limi­
tation in the 152Eu range of 7-radiations), we performed off-line energy calibrations 
using decay lines in the /1-decays of 52M11 and 54 Co which were produced with the 
l9F beam.
The electronic circuitry was designed to process the initial pulses of the detectors 
such as 7-singles, 7-7 , and 7-LEDA coincidences. This information was written to 
EXABYTE tapes event-by-event for off-line sorting and analysis. Timing informa­
tion was also recorded for each Ge and LEDA signal with respect to the RF of the 
cyclotron. Table 4.1 shows the typical rates for the various parameters during the 
two experiments.
Beam Current S(Ge) E(LEDA) LEDA-Ge Ge-Ge
(pnA) (kHz) (kHz) (Hz) (Hz)
I 9 p 12.50 25 250 6500 250
l9Ne 0.12 4 5 70 1 0
Table 4.1: Typical counting rates with beam on target.
In this table, E(Gc) is the sum of 7 Ge detectors after Compton suppression; 
E(LEDA) is the sum of 128 silicon-strip detectors; LEDA-Ge is the coincidence of 
any Ge detector with any LEDA strip and Ge-Ge is any coincidence of at least 2 Ge 
detectors.
4 .3  C h a rg ed -P a rtic le  D e te c to r s
Evaporation charged particles were detected by strips of thin silicon detectors which 
allowed a degree of residual channel selection [39]. As shown in figure 4.3, the silicon 
detectors were in eight sectors in an octagonal shape. The array was named LEDA 
(Louvain-Edinburgh Detector Array), and was essentially insensitive to j3 and 7
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0 cm 15
Figure 4.3: The LEDA array.
radiations produced in the reaction. The active area of this geometry is divided into
128 independent detector elements and this has the advantages of position resolution,
high data throughput and high multiplicity event detection. The total efficiency of
the silicon detectors in the present geometry was limited by the relatively small solid
angle encompassed (~1()% of 47t), in the present work.
In order give some degree of channel selection, the energy of the signals in the
strips of the LEDA array w as used to differentiate between proton and a-particle
events. Since evaporated protons are emitted less energetically than rv-particles,
they give rise to a reduced energy signal in the LEDA array compared to rv-particle
events. For proton energies greater than 6 MeV, they punch through the silicon
detector and only deposit a fraction of their energies in the detector.
t h e
Figure 4.4 shows the energy projection of one oLstrips of the LEDA array and
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clearly the proton and a  energy peaks are well separated and figure 4.5 shows 
PACE [23] calculations for the evaporated particles.
4 .4  D a ta  A n a ly sis  and  E x p er im en ta l R e su lts
For the analysis of data parameters, the computer code SORT-SHELL was used, 
which puts the data in different spectra defined in the program by the user. In this 
way it is possible to playback the experimental data in an off-line analysis and then 
introduce certain constraints on the time and energy spectra in software. These 
spectra are stored on a hard disk, which can be inspected and analysed separately. 
The spectra may be one- or two- dimensional in time and/or energy.
4.4.1 S ub traction  of U nw anted R andom  Events
The peaks in the time spectrum shown in figure 4.6 represent beam-related prompt 
7-ravs superimposed on a large background due to beam activity. The main com­
ponent of the background was due to 511 keV 7-rays, however, many other discrete 
lines from decays of excited states populated in radioactive decay also contributed. 
Figure 4.6(c) demonstrates the vast difference between stable and radioactive beam 
induced experiments. In the stable-beam (19F) case, most 7-rays are prompt and 
occur during beam bursts. Conversely, the 19Ne case shown in figure 4.6(a) has a 
considerably poorer signal to noise ratio. The same 40Ca target was used for the 
J9F and 19Ne experiments. The difference in the timing spectra is partly due to the 
scattered 19Ne beam, and partly due to the lower beam currents and longer exposure 
times with the radioactive beam. Finally, figure 4.6(b) shows clearly the continuous 
underlying flux of 7-7 coincidence events due to activity in the target.
The raw singles spectrum from the gamma-ray detectors, measured in the 19Ne-f 40Ca. 
reaction is shown in figures 4.8(a) and 4.9(a). Despite the collimation of the Ge de­
tectors towards the target and the 2 cm of Pb shielding around all detectors and 
beam collimators, the singles spectrum is totally dominated by 511 keV annihilation
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Figure 4.4: Energy spectrum of one of the elements of the LEDA array clearly 
showing the proton and o:-particle peaks.
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Figure 4.5: Intensity of evaporated particles against their energy according to PACE. 
The cutoff shows the energy where protons punch through the silicon detectors.
gamma-rays. Since the beam stop was 2 m distant and well shielded, the 511 keV 
peak is almost certainly due to the scattered beam that is stopped in the region of 
the target [56]. This 511 keV energy due to annihilation of an electron-positron pair 
is mostly seen in opposite detector pairs. The rate between these pairs is about 100 
times greater than observed between adjacent detectors (see figure 4.7).
The next strongest peaks in the spectrum an1 due to activity tha t builds up in 
the target during bombardment,. (The r,2Mn fusion-evaporation products populate 
states in ;,2Cr bv /f+-decav.) Finally, it is possible to observe the strongest prompt 7- 
rays from fusion-evaporation nuclei 55Co(3pn), 55Fe(4p), r,'1Fe(4pn), and 52Mn(a;3p). 
These were predicted to have the largest cross-sections in the chosen reaction.
Figure 4.6 shows peaks which have widths of 17 11s separated by 73 11s correspond­
ing to beam ‘on’ and beam ‘off1 periods respectively. As figures 4.8(d) and 4.9(d) 
spectacularly show, by software gating 011 the in-beam and out-of-beam regions 
separately, a subtraction of the radioactive background can be achieved giving a 
spectrum of the prompt 7-rays which are produced only in the fusion-evaporation
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Figure 4.G: Timing spectra for (a) 19Ne singles (b) 19Ne 7-7 coincidences and (c) 19F 
singles data. Note the improvement in the signal to noise for the stable 19F beam 
associated with the reduced number of randoms from scattered beam decays.
reactions. The dominant 511 keV peak is almost completely eliminated and the 
unsuppressed Compton events below 511 keV are effectively removed. In addition 
to the removal of the 511 keV 7-rays, the background subtraction has also removed 
the peaks due to the radioactivity tha t continues between beam bursts. A total of 
i .4 x l0 8, background subtracted 7-ray singles events were obtained in a two day run.
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Figure 4.7: A comparison of 511 keV annihilation energy in opposite and adjacent 
detectors. D ata from 90° detectors.
4.4.2 Particle-Y Coincidence D ata
A particle-7 coincidence indicated the occurrence of a fusion-evaporation reaction. 
Any activity 7-rays emitted between beam pulses or even during beam pulses in 
which 110 reaction was induced, should therefore be discriminated against by the 
LEDA array. The effects of particle-7 gating are shown in figures 4.8(b) and 4.9(b). 
The particle-7 requirement seems to be a good first-order tool for selecting reaction 
7-rays. Figure 4.9(a) and (b) show in more detail the substantial removal of activity 
lines from the 7-ray energy spectrum by simple particle gating. An activity spectrum 
acquired with 110 beam on target is also shown, for comparison (figure 4.9(c)).
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Figure 4.8: (a) Raw singles, (b) LEDA gated, (c) gamma-gamma gated and (d) 
background, random subtracted 7-singles from the JtJNe+40Ca experiment.
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Figure 4.9: Comparison of (a) raw singles, (b) LEDA gated, (c) activity and (cl) 
TDC background subtracted spectra for the 19Ne experiment.
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4.4.3 P artic le - 7  C hannel Selection
By software gating on different energy regions, proton and a  coincidence conditions 
could be imposed. This allowed multiple charged particle gated spectra to be gen­
erated as shown in figure 4.10. In the a  gated spectra, the strong lines from the 4p 
channel to 55Fc [57] are absent. However, lines from the stronger a. channels to 52Mn 
(3pcv) and 49Cr (2p2o:) [4, 55] are clearly visible.
4.4.4 Binom ial D istribu tion  and C harged P artic le  M ulti­
plicity M easurem ents
The binomial distribution applies to situations where we conduct a fixed number N 
of independent trials, each of which has only two possible outcomes: success with 
probability (p), or failure with probability (1-p). Then the probability of obtaining 
r successes is given by,
=  , - ! ( / -  r )!pr(1 “  P)N~T (4-1)
We used this probability distribution for charge-particle hits in the silicon-strip de­
tectors. Here N represents the total number of charged particles evaporated, p 
( ~ 10% of 47t) is the solid angle encompassed by the silicon detectors and r is the 
number of charged particles which hit these detectors.
Individual 7-ray singles spectra of the type shown in figure 4.8(d) were produced 
for specific values of the number of charged particles observed in LEDA. The relative 
areas of 7-ray peaks in these spectra were then analysed for comparison with binomial 
probability distributions. The best overall fit to the data was obtained using a 
probability of 0.100 for each charged particle to hit the detector, which is consistent 
with near isotropic particle emission. The results are displayed in table 4.2 and shown 
graphically in figure 4.11, and demonstrate that the charged particle multiplicity can 
be deduced for individual 7-ray peaks.
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Figure 4.12: Energy vs energy for two strips of LEDA array. As can be seen, p-p, 
p-o: and a-a  coincidences are clearly separated.
When the fit was restricted to the channels with proton emission, but no a- 
particle emission, the best fit probability was reduced to 0.088 dt 0.002 and the fits 
to the data were all easily consistent with the binomial distribution in a x 2 test. 
Furthermore, the data served to identify the correct number of charged particles 
uniquely, allowing alternative hypotheses to be rejected.
4.4.5 P artic le-P artic le  Coincidence D ata
The high granularity of the LEDA array allowed multiple charged particle events to 
be detected from the same compound nucleus decay, (see figure 4.12). By putting 2- 
D gates on different regions, separate 7-ray spectra belonging to different nuclei can 
be obtained. Some spectra were taken also without the Al stopper foil and there are 
some coincidences between elastically scattered beam particles and the evaporated 
charged particles.
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Table 4.2: Comparison of LEDA hit probabilities with binomial calculations. Results 
are given for various specific gamma-ray transitions, identifying different nuclei with 
different numbers N c  of charged particles evaporated.
N c Chan. Nucleus E7
(keV)
Probability of n hits
n=0 n = l n=2 n=3
3 B “) 0.729 0.243 0.027 0.001
3 pn 55 Co 2973 0.761+0.021 0.216+0.020 0.022+ 0.002 0.001+ 0.001
3 v 56 Co 576 0.773+0.014 0.204+0.014 0.022+ 0.001 0.001+ 0.001
4 B “) 0.656 0.292 0.049 0.004
3 pa 52 Mn 869 0.639+0.004 0.304+0.004 0.052+0.001 0.005+0.001
4 p 55 Fe 1316 0.697+0.020 0.262+0.018 0.038+0.002 0.003+0.001
5 B °> 0.590 0.328 0.073 0.008
5 p 54 Mn 156 0.610+0.031 0.316+0.029 0.066+0.016 0.007+0.002
a' B means binomial probability calculated with a 10% hit probability.
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Figure 4.13: Singles TDC spectra showing the regions used for the background 
subtraction algorithm used in the 7 — 7 matrix.
4.4.6 G am m a-G am m a Coincidence D ata
A total of 8.3xlOr’ 7-7 coincidences were obtained for the 19No experiment. These 
data were sorted into a symmetric E7l vs E72 matrix. The raw matrix is dominated 
by 511 keV random and true self-coincidences so a background subtraction was 
performed off-line by gating on various regions of the individual TDCs for each 
detector as shown in figure 4.13.
The 7 — 7 coincidences during the beam pulses are represented by the combi­
nations, AjAj  and CjC.,. Background subtraction was performed with the following 
algorithm.
[AjAj + CiCj) -  (BiB-j +  DiDj)  -  (A iCj +  A f i i )  +  (B,D:i +  Bflfr)  (4.2)
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Figure 4.14: Total projections of the 7 — 7 m atrix (a) without and (b) with random, 
background subtraction.
The effectiveness of this background subtraction is demonstrated in figure 4.14 
which shows the total projections of the matrix with and without background sub­
traction. Note tha t this background subtraction method requires two beam pulses 
to occur within the time scale of the TDCs.
Examples of energy gated 7 — 7 spectra for the 55Fe (4p), 52Mn (3po:) and 55Co 
(3pn) product nuclei are shown in figure 4.15.
4.4.7 R elative E vaporation  Cross-sections.
Table 4.3 shows the relative production cross-sections for the l9Ne and 19F exper­
iments. These are compared with the PACE calculations [23]. Decaj^s from states 
in r,r,Co(3pn), 55Fe(4p), 54Fe(4pn) and 52Mn(o:3p) have the largest cross-sections.
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Figure 4.15: Random subtracted 7-7 coincidence spectra for 55Fe (sum of gates 272, 
605 keV), 52Mn (sum of gates 869, 2038 keV) and 55Co (sum of gates 801, 2973 keV). 
D ata from all detectors.
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Clearly, PACE does not give reliable cross-sections close to the proton-drip line 
although it qualitatively predicts the most-intense out-channels
Nucleus
[Ref.]
7-Energy
(keV)
Y('9Nc)
Y{ w F) Channel
(loN e /l0F)
y(W)
v(o.fion)
( ,0F)
PACE
L9Ne
(o/&)
J.9p
55 Co [59] 2973
801
739
2.10±.26
1.64±.14
1.46±.30
(3pn)/(2p2n) 0.20T.03
0.23T.02
0.23±.08
17.5 10.7
52 Mn [55] 869
1416
622
0.85±.05
0.98T.08
0.88±.08
(3po:)/(2pcm) 1.48T.13
0.83±.08
0.56±.06
27.5 20.4
55 Fe [57] 1316
1222
605
0.83T.05
0.77±.06
0.68±.06
(4p)/(3pn) 0.93T.08 
1.04±.19 
jo O a
12.9 11.7
MFe [58] 1409
411
1130
1.07T.15
1.07±.08
1.05±.16
(4pn)/(3p2n) 0.24±.'ll
0.12T .01
0.18T.02
15.8 9.5
r,6Co [60] 576 1.02±.06 (3p)/(2pn) 0.18T.02 0.9 0.5
49 Cr [4] 812 1.24±.25 (2p2« ) /(p 2cm) 0.10T .02 8.5 4.0
51Cr [61] 1480 0.30±.09 (4pa:)/(3pmi) 0.05T.01 5.1 3.4
M Mil [62] 704 0.43±.13 (5p)/(4pn) 0.07±.01 3.5 2.9
Table 4.3: Comparison of the relative residual nuclei production between l9Ne and 
l9F beams and PACE calculations.
Column three shows the ratio of yields for given peaks, with the 19Ne beam 
relative to the l9F beam. The fourth column shows the respective exit channels for 
the two beams. Column five shows the ratio of the yield of each line compared to 
yield of 0.005 MeV peak in 55Fe in the 19F reaction. Column six shows the predicted
5 6
Er  (keV)
Figure 4.16: Comparison of the background subtracted singles spectra (for 90° de­
tectors) for the (a) 19Ne and (b) ]9F induced reactions.
cross sections (normalized to 100%) according to the statistical code PACE [23] for 
each of the beams. As can be seen, the relative yields of the mirror nuclei A=55, 
49 (T*= h) produced by l9Ne are increased compared to the i9F beam. The general 
trend is tha t the lower the T z value, the higher the relative increase in production 
cross-section for the l9Nc reaction. Figure 4.16 shows the background subtracted 
singles spectra for the two reactions and figure 4.17 plots the ratio of counts for 
given channels in these spectra. For comparison we have plotted PACE calculations 
for the two beams in figure 4/18.
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Figure 4.17: Relative yields for individual 7 -rays with the radioactive beam  19Ne
com pared to the stable beam  19F. The largest enhancem ent is for the  2973 keV 
transition  in 55C o .( /v o 'r m a i iW - to  t F or  1316 KC^I .ne  ir\i s Fe)
300.0
Population Probabilities
According to PACE Calculations
49 51 52 54 54 55 55 56
Cr Cr Mn Mn Fe Fe Co Co
Figure 4.18: Results of PACE calculations showing the predicted fusion evaporation 
production cross-sections for products of the reactions 19N e+ 40C a and 19F + 40Ca a t 
beam  energies of 70 MeV.
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4.4.8 M irro r Nuclei 55Co and 55Ni
Coulomb Displacement Energies (CDE), defined as the difference between the bind­
ing energies of analogue states in isobaric multiplets of nuclei, have been the subject 
of several studies in nuclear structure physics. In two recent experiments the mirror 
pairs 49M n/49Cr and 47C r/47V were studied and an interesting imperfection in the 
mirror symmetry was observed as a function of spin [4, 6, 7],
While the above findings are for the middle of the fz shell, one wants to know 
what happens at the end of this shell when only one nucleon remains to fill the shell. 
It would therefore be of interest to extend the measurement of CDE to A=55 nuclei 
at high spins, in order to test the consistency of this idea. Because in medium heavy 
nuclei it is difficult to study mirror nuclei like 55N i/66Co with stable beams since the 
valley of stability deviates from N=Z, another choice is RIB. W ith the 19Ne beam 
available at Louvain-la-Ncuve, and using 7-7 and particle-7 coincidences, we were 
able to find three lines of 55Co and a tentative candidate line for fl5Ni. These lines are 
shown in figure 4.19. We could not see the 1951 keV transition which was reported 
previously in ref. [59]. Two-point angular distributions were obtained for the three 
lines in 55Co and were used to infer levels spins. This information is summarised in 
table 4.4.
Nucleus E7 E, E j 32 Ji I f
55 Co 2973 2973 0 0.37+0.12 (11/ 2-) 7 /2 “
801 3774 2973 0.02+0.05 (13/2-) ( H /2-)
739 4513 3774 0.12+0.06 (15/2- ) (13/2-)
Table 4.4: Energy, angular distribution parameters and spin values for the nucleus 
55Co produced in the l9N e+40Ca reaction.
The 2796 keV line was tentatively assigned to 55Ni from the following information 
(as shown in figure 4.20): the peak is observed in the 19Ne background subtracted 
singles data  but not the 19F induced reaction; within experimental uncertainties the 
peak has a two charged particle hit probability distribution in LEDA; and the energy
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Figure 4.19: Level schemes of 55Co and 5r’Ni.
of the line is close to that observed for the analogous (A —> \  ) transition in the 
95Co mirror nucleus (2973 keV). The la£f(of any obvious peak in the proton gated 
spectra makes this assignment to 55Ni nothing more than speculative in the current 
data  set.
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Figure 4.20: Spectra identifying the 2796 line, tentatively assigned to 55Ni. All 
spectra are for 90° detectors only.
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Chapter 5 
Commissioning of the AYEBALL  
Array
5.1 M o tiv a tio n
The symmetry associated with N=Z nuclei offers a unique perspective 011 areas of 
nuclear structure such as proton-neutron interaction and mean field shell gaps. Shell 
gaps [65] at regions of low energy level density play an im portant role in the stability 
of nuclear shapes at certain values of Z, N and angular momentum. Close to these 
shell gaps sudden changes in nuclear shapes for small changes in nucleon number 
occur due to the influence of deformation driving high angular momentum nuclear 
orbits. In the N=Z nuclei these effects are more enhanced because neutrons and
protons are simultaneously filling the same orbits.
Due to the very small production cross-sections which are expected for N=Z nu­
clei around A~80 ( < f00 ;/,b) an extremely sensitive channel selection in coincidence 
with the 7-rays is required. There are two ways to achieve this: (a) an array of 
particle detectors to observe the evaporated particles from the compound nucleus, 
or (It) using a recoil mass separator to identify the recoiling nuclei by their mass 
number. It has been suggested [77] tha t using recoil mass separators is the preferred 
way of obtaining cleaner 7-7 coincidence data for nuclei with small production cross-
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sections. Exited states in even-even N=Z nuclei have been successfully studied up 
to 84Mo [10, 11] using the Daresbury Recoil Separator (DR.S) [5] in conjunction with 
the POLYTESSA 7-ray array [32]. The main limiting factors of these experiments 
were the relatively low transmission efficiency of the DRS (~ 2% for the 84Mo ex­
periment [10]) and the relatively low 7-ray detection efficiency of the TESSA type 
Ge-d el.ee tors.
A second-generation recoil separator such as the Fragment Mass Analyzer (FMA) [67] 
coupled to a more efficient Ge-detector array such as the AYEBALL (Argonne-Yale- 
European 7-ray BALL) constitutes a significant increase in efficiency which should 
improve these limitations. The increased opening angle and velocity acceptance of 
the FMA gives an improvement of between 5 and 10 times in the efficiency of this 
device compared to the DR.S. The development of high efficiency, high resolution Ge- 
detectors such as those used in the EUR,OGAM experiments [37] allows a significant 
increase in the statistics available. Prior to the 58Ni experiment (see next chap­
ter), a series of experiments were performed in order to commission the AYEBALL 
array [33]. We will report 011 the results of one of these experiments namely the 
3<iA r+ MFe reaction in this chapter.
5.2 T h e  36A r + 54Fe T est E x p er im en t
The beam 30Ar was produced from the ATLAS (Argonne Tandem Linear Accelerator 
System) linear accelerator at Argonne by its 12-MV low velocity linac and electron 
cyclotron resonance (ECR) ion source for positive ion injection. The beam was then 
inserted into the ATLAS. The ATLAS linac consists of seven different superconduct­
ing resonators which can produce electromagnetic waves of various frequencies and 
phases matched to specific ion velocities [34].
Figure 5.1 shows a schematic view of the experimental set-up used in the AYEBALL 
experiments. To commission the array, gamma-rays were identified from residual nu­
clei formed in the reaction 3(iA r+ 54Fe at a beam energy of 120 MeV and with a beam 
intensity of up to 10 pnA. This beam was then incident 011 54Fe target for a. duration
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Figure 5.1: Schematic view of the experimental setup. Note, that in fact the FMA 
was a t 0° to the incident beam direction.
of five days. The thickness of the self-supporting 54 Fe target was 500 /4g/cm 2.
Gamma-ray transitions emitted from states in the residual nuclei were detected 
by the AYEBALL array of suppressed germanium detectors in four annular rings 
mounted at angles of 79°, 101°, 134° and 158° to the beam direction (see table 5.1). In 
order to provide information of neutron evaporation channels, coincidences between 
gamma-rays and evaporated neutrons were measured. The evaporated neutrons were 
detected by an array of 11-element NE213 liquid scintillator neutron detectors [66] 
mounted in a ring in the forward direction.
The Fragment Mass Analyser (FMA) [67] was used to separate the residual nuclei 
produced in the reactions from the primary and scattered beams and disperse them 
by mass over charge (A/Q) ratio across a PPAC (Parallel Plate Avalanche Counter) 
(see section 3.4.8). In recoil separators like the FMA, it is im portant tha t the rigidity 
of the ions rernairr constant as they pass through the electric and magnetic fields. 
The rigidity of an ion depends on the ionic charge state (Q). Ions can change charge 
state either by collisions with air molecules which can be avoided by high vacuum 
techniques (<1()"7 Torr), or by the internal conversion process which competes with 
7-ray emission. In order to counteract this effect, a very thin carbon foil was placed
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Table 5.1: Characteristics of the AYEBALL Ge-detector array at Argonne.
Type Angle (0) <!> FWIlM(keV) Peak to Total fc> (with CSS) (%)
EUROGAM 158 36 2.6 52.5
EUR,OGAM 158 108 2.3 54.5
EUR,OGAM 158 180 2.6 54.7
EUROGAM 158 252 2.5 47.0
EUROGAM 158 324 2.5 52.1
GAMMASPI1ER.E 134 54 to 56.9
EUROGAM 134 90 2.8 -
EUROGAM 134 270 2.2 51.7
DUET 134 306 2.3 29.5
YALE 101 36 3.7 40.5
TESSA 101 108 2.2 44.7
YALE 101 180 2.0 50.1
TESSA 101 252 2.0 49.7
TESSA 101 324 2.4 44.2
TESSA 79 0 2.1 47.2
TESSA 79 72 2.0 46.9
YALE 79 144 2.3 47.1
TESSA 79 216 2.2 42.3
«)For the 1.33 MeV line of 60Co. 
i>)For 90Co lines.
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after the target before the ions enter the first field region at the FMA, to reset the 
ions to their equilibrium charge state distribution.
For Z separation of the recoils, an ion chamber was installed at the back of the 
FMA. The ion chamber was filled with isobutane gas at a pressure of 20 Torr and 
gave information on the differential energy loss of the ions which have the same 
(A/Q) ratio. Split into 3 sections, E'l, E2 and E3, figure 5.2 shows a 2-D plot of 
E2 versus E3 in the ion chamber in which the recoil nuclei are separated from the 
beam like ions. These beam particles have scattered from several different sites 
and their energy loss obeys a Bragg curve [09] in the ion chamber. This allows the 
beam particles to be distinguished very easily from the recoils. The PPAC and ion 
chamber were operated in coincidence with each other and with the Ge and neutron 
detectors. Coincidences between any pair of 7-rays, or between a 7-ray and a recoil 
nucleus detected by FMA together with timing and position information from the 
PPAC and the energy signals from ionization chamber were recorded to magnetic 
tape. All of the components except the Ge and neutron detectors were housed in a 
high vacuum (~10“ 7 Torr) environment.
5.3 D a ta  A n a ly sis
5.3.1 M ass Selection
At the beginning of the commissioning experiment, the FMA transmission yield of 
various recoils as a function of charge-state was measured in order to determine the 
most favourable charge state. Figure 5.3 shows the result of the charge-state sweep 
for the A=87 nuclei. By setting a 2-dimensional software gate on the recoils offline, 
we could discriminate the background due to the scattered beam. The identification 
of 7-rays from different masses was made by the FMA.
Two dimensional software gates were set 011 a matrix of the x-position where 
each recoil hit the PPAC, versus the amount of energy deposited in the PPAC by 
tha t event (AE). A  figure of the position of such a 2-D gate is shown in figure 5.4.
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Figure 5.2: Separation between recoils and beam ions in the ion chamber for the 
u,A r+ ')4Fe reaction.
Each section of this spectrum corresponds to where the recoils have been separated 
bv their mass over charge state ratio, Thus for a given recoil charge state, the 
x position where the recoil hits the PPAC gave information on the mass of the 
incoming ion. Figure 5.5 shows a projection of the X-position of the recoils as they 
pass through the PPAC. Gating 011 the recoil-7 TAC reduces the amount of scattered 
beam in these spectra. Note that for certain masses and charge states, different A 
and Q values can result in the same ratio. For example ~  py ~  4.40. thus gamrria- 
rays from 88Mo (2p channel) [75] and 84Zr (oap channel) [70] will both be present in 
the d  gate for tha t region. However, the fact that the focal plane of the FMA was 
large enough to accommodate two charge states meant that generally such anomalies 
could be accounted for by gating 011 one charge state and subtracting a normalised 
portion from the other. Unfortunately, owing to the relatively low velocities of the 
recoils in t his commissioning experiment, together with the energy loss of the recoils 
in the mylar entrance and exit windows of the PPAC, ions of different Z (but similar 
T) could not be completely resolved in using their energy loss in the ion chamber.
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Figure 5.3: Transmission of A=87 recoils in the FMA as a function of charge state.
This is addressed in more detail in section 5.3.3.
As can be seen from the figure 5.4, the production of mass A=85 nuclei such 
as 8r,Nb (o:p) is very weak. Alpha-particle emission from the compound nucleus in­
creases the size of the recoil cone and reduces the efficiency of detecting recoils by the 
FMA. By comparing the intensities of 7-rays in the recoil-gated spectra with their 
intensity in the pre-scaled singles data, values for the transmission efficiency of the 
FMA could be obtained for the various channels of the commissioning experiment 
(see table 5.2). The FMA transmission efficiency is reaction dependent and will in­
crease for a more forward focussed reaction. Also, as expected, the higher the number 
of charged particles emitted from the compound nucleus, the lower the transmission 
efficiency (due to an increase in the angular spread of the recoil cone [33].)
PACE [23] calculations of the production cross-sections are shown in figure 5.6. 
Figure 5.7 show the raw mass gated spectra for the 3(>A r+MFe reaction, in which we 
identified 7-rays gated by masses A=84 [70], 86 [71, 72], 87 [73, 74] and 88 [75, 76]. 
Note that there is considerable feedthrough from nuclei of lighter mass*
For example, the A=88 gated spectra is dominated by mass 87 lines from
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Table 5.2: FMA transmission ancl neutron detection efficiencies for the 'i6A r+ 54Fe 
reaction .
Channel FMA Transmission (%) Neutron Efficiency (%>)
4 p+ 88Zr 5.0(5) “> -
3piH-8fiNb 5.4(1.0) ft) 6.5 (1.1)
rv2p-f 84 Zr 2.9(4) h) -
3p+ 87Nb 12.7(1.2) d -
2pn+87Mo 12.7(1.6) c) 4.3 (0.5)
")For A=86 gate using the 19+ and 20+ charge states. Total transmission efficiency 
including feedthrough into A=87 gate is 8.7(6)% (see section 5.3.1).
^O nlv using the 18+ charge state.
*4 For A=87 gate using the 19+ and 20+ charge states. Total transmission efficiency 
including feedthrough into A=86 and A=88 gates is 14.3(1.3)%).
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Figure 5.4: PPAC x-position versus AE for all recoils showing the position of the 
2-D gates.
the 3p channel to 87Nb [73]. This is due to the tails in the PPAC position spectra 
extending from one mass into another.
As figure 5.8 indicates, by suitable software subtraction of one spectrum from the 
other, it was possible to obtain a ‘pure’ spectrum showing transitions which belong 
to only one isobaric channel. The upper spectrum in figure 5.8 is the raw 7-singles. 
Mass A=87 was the strongest recoil (3p channel), and mass A=88 (2p channel) was 
the weakest recoil in the above reaction.
5.3.2 Neutron Gating
As figure 5.6 predicts, the production cross-sections for various residual channels 
produced in this reaction is dominated by pure charged particle evaporation channels 
(Sn > Sp in this mass region). Thus the lines in the mass 87 gated spectrum are 
mainly transitions from the 3p channel, 87Nb [73] with the intensity of lines from
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Figure 5.5: PPAC X-position (a) raw and (b) gated on the detection of at least one 
7-ray.
2pn channel to 87Mo much reduced by comparison. Similarly, in the mass 86 gated 
spectrum the 4p channel to 8(3Zr [71] dominates over the 3pn channel to 86Nb [72], 
I11 order to discriminate between the pure charged particle channels and the 
much weaker (and more neutron deficient) channels associated with neutron evap­
oration, the additional condition tha t a coincident neutron was measured in one of 
the neutron detectors could be employed in the off-line analysis of these data. Fig­
ure 5.9 shows the spectra from one of the neutron detectors showing the software 
gates. By requiring any neutron event to be in either of these gates it was possible 
to obtain reasonable separation between neutron and 7-ray events in the neutron 
detector. Figure 5.10 show;how cleanly the 3pn channel 8(>Nb can be identified by 
the combination of mass and neutron gating.
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Figure 5.6: Results of PACE calculations showing the products of the 36A r+ 54Fe 
reaction a t a beam energy of 120 MeV.
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Figure 5.7: Singles spectra gated on x-position in the PPAC for the 36A r+ 54Fe 
reaction. Note the feedthrough of the A  — 1 masses into the A  gated spectra, which 
is particularly evident for the A=88 spectrum.
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Figure 5.9: Time of Flight versus Total Energy and Slow Component versus Total 
Energy for one of the neutron detectors showing the gates separating neutrons from 
the 7-rays.
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5.3.3 Ion C ham ber G ating
To obtain Z separation of the recoils, a mass gated AE'l versus E ^, m atrix was 
sorted. AE1 is the energy-loss signal of the recoils in the first anode and Etot is the 
sum of energy-loss signals in the three anodes of the ion chamber. This m atrix was 
then rotated and projected perpendicularly on the X-axis to form a new parameter, 
AE, which was then sorted in a 4kx4k matrix against 7-ray energies for mass gated 
recoils. As figure 5.11 shows, by gating on known 7-rays, a degree of separation in 
ion chamber signals for isobars with different atomic numbers can be obtained.
Conversely, by gating on different parts of the total mass gated ion chamber sig­
nal, Z-separation can be obtained for the 7-ray spectra. Taking linear combinations
of mass gated gamma-ray spectra gated on different regions of the ion chamber sig-
JL
nal (see figure 5.11) and subtracting normalise^portions of these spectra from one 
another, isotopically pure spectra can be obtained. Figure 5.12 shows a comparison 
of the separation of the 86Nb nuclei by the ion chamber and neutron detectors in the 
3fiA r+ r>4Fe reaction. As shown in figure 5.12, after careful subtraction of linear com­
binations of various spectra, using the ion chamber gating is clearly a more efficient 
method of obtaining isotopically pure spectra than neutron gating.
5.3.4 Recoil-7 - 7  Coincidences
For the study of the yrast states in very neutron deficient nuclei, recoil-7-7 and 7-7 
coincidence matrices can be constructed. We tested that for the AYEBALL array by 
constructing 4kx4k matrices for the 36A r+ 54Fe 7-ray coincidence data. Figure 5.13 
shows the 7-7 spectra of lines in 88Mo gated 011 the 972 and 741 keV transitions in 
this nucleus. As figure 5.13 clearly demonstrates, although they have less counts, 
the recoil-7-7 coincidences data have a considerably better signal to noise than the 
ungated 7-7 spectra shown below them.
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Figure 5.10: Recoil separation and channel selection for 86Nb (3pn). The upper 
spectrum is a mass 86 gated spectrum while the middle spectrum has the added 
condition tha t an event was measured in the array of neutron detectors. The lower 
spectrum is a linear combination of the first two spectra, in order to subtract away 
gamina-ray events incorrectly assigned as neutrons in the scintillator detectors.
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Figure 5.11: Gates on known 7-rays of (a) 8GZr (4p) ancl (b) 8GNb (3pn) showing the 
separation in ion chamber signals.
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Figure 5.13: 88Mo 7-rays gated 011 972 and 741 keV lines showing the comparison 
between recoil-7-7 and straight 7-7 coincidences.
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Chapter 6 
Study of High Spin States of 58Ni 
With AYEBALL
6.1  M o tiv a tio n
Doubly magic nuclei and their nearby neighbours are vital ingredients in the study 
of nuclear structure. Their single particle energies and the two body residual inter­
action form the building blocks of shell model calculations. Nuclei in the vicinity of 
self-conjugate, doubly magic nuclei are of particular interest since the protons and 
neutrons occupy similar orbitals and increased proton-neutron correlations may be 
expected to play a major role. In addition, the proton and neutron shell effects in 
these self-conjugate nuclei can act coherently to give a rich pattern of shape coexis­
tence and shape transition [9,11]. There has been much recent study of excited states
in nuclei around the vicinity of the N=Z=50 shell gap at l()0Sn [78, 79, 80, 81, 82, 83],
u.
however, due to the very neutron deficient nature of these systems, the cross-sections 
for the production of these nuclei in fusion-evaporation reactions is rather small and, 
typically, only a few states can be identified.
The validity of the N=Z=28 shell gap at 56Ni is demonstrated by figure 6.1 which 
shows the systematics of 2+ excitation energies in N=28 isotones [84, 85, 86, 87, 88] 
and Ni isotopes [88, 89, 90, 91, 92, 93]. Note the dramatic rise in the energy of
8 1
the first excited state for both proton and neutron number 28, symptomatic of a 
shell closure. Of the four doubly magic, self-conjugate nuclei g60 , ^C a , i^Ni and 
50°Sn, nuclei around 66Ni are particularly accessible for the study of high spin states 
via fusion evaporation reactions using stable beams. This chapter discusses the 
study of high spin states in the Tz = 1 nucleus, §|Ni, which (at least at low spins) 
can be considered as two neutrons outside the doubly magic N=Z=28 core, 28^ 28- 
While there has been considerable study of the low spin and non-yrast states in this 
nucleus populated by light ions [94, 95, 96, 97, 98], for high spin states using heavy 
ions the experimental data are limited to the yrast states up to a tentative spin of 
(7) [99, 100].
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Figure 6.1: Systematics of 2+ excitation energies in Ni isotopes and N=28 isotones.
In terms of energy, the first three shell model orbitals above the N=28 closed 
shell are the negative parity p | ,  f |  and p i orbitals. (Note that the first three states 
in i^Ni are all negative parity and have spins of |  , |  and - , corresponding to a
8 2
single neutron in these three shell model orbitals [59]). If the occupation probability 
for the two valence neutrons in 58Ni is restricted to these levels, the maximum spin 
available in this simple configuration space is 4+ (from the (fo)Vt- or (fn® p |)4+ 
configurations). A higher spin value requires the breaking of the N=Z=28 core 
and /or the promotion of neutrons into the positive parity ‘intruder5 g | orbital. By 
exciting one neutron into the ga orbital, the maximum spin attainable is (f |® g a)7- .  
The breaking of one pair of protons or neutrons from the core results in maximum 
spin configurations of 10+ for protons [7r(f‘z0f|)<S> /z(f|)2]io+ and 9+ for [7z(fz<8>P|<8> 
(fa )2)]j)+ respectively.
An interesting question is which mechanism is the most favoured energetically for 
the generation of higher spin states in 58Ni, breaking of the N—Z—28 core (allowing 
the fz holes to be populated), or crossing the N=40 subshell closure (populating 
the gy neutron orbitals). In addition to the expected shell model behaviour of 
this nucleus, there have been predictions of a shape change at higher spins from a 
spherical core to a highly collective, superdeformed prolate shape a t high spins in 
this nucleus [12, 13].
This work describes an experiment which utilised the large angular momentum 
brought in to a compound nucleus by a (HI) reaction to allow the study of the near 
yrast states in r,8Ni. The location and density of these levels provides an excellent 
test of shell model calculations with different model spaces and residual interactions.
6 .2  D a ta  A n a ly sis  and  E x p er im en ta l R esu lts
High spin states of 58Ni were populated using the heavy-ion fusion evaporation re­
action /1()Ca(24Mg, a2p)58Ni at an energy of 65 MeV. Two separate experiments 
were performed at ATLAS using the AYEBALL array. In the first experiment, a 
self-supporting, 500 /zg/cm2 40Ca target was used. This was thin enough for the 
recoils to escape from the back of the target and enter the FMA, thus allowing clean 
identification of transitions associated with 58Ni. The second experiment used a 630 
//,g/cm2 40Ca target on a 20 m g/cm 2 gold backing in which the recoils stopped.
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Figure 6.2: PPAC x-position versus A E  for all recoils in the 24M g+40Ca reaction 
showing the position of the 2-D gates and its x-projection.
This second experiment allowed high resolution 7-7 coincidence data and angular
correlation data (for a DCO analysis) to be obtained. The layout of the experimental
setup of the FMA and the AYEBALL array was as described in the previous chapter.
Figure 6.2 shows the x-position in the PPAC versus the energy deposited in the
PPAC by tha t event (AE).  Figure 6.3 shows 7-rays gated by the most intense
masses A=58 [99, 101], 60 [102, 103], 61 [104, 105] and 62 [106] produced in this
reaction. The FMA was set in this experiment to maximise the transmission of
4i/<?
A=62 recoils, and thus the transmission of A=58 recoils was not represento^ of its 
production yield. To give a feeling for the relative production intensities of the
84
various reaction channels at the target position, the results of a PACE [23] calculation 
for this reaction are shown in figure 6.4.
By suitable software subtraction of the d  gated spectra from one another it was 
possible to obtain a spectrum consisting of peaks corresponding to 7-rays belonging 
to A=58 alone. This spectrum is shown in figure 6.5. In order to obtain Z-separation 
for the A=58 isobars, gates were set 011 previously identified 7-ray transitions from 
58Ni and r,8Cu. As figure 6.6 shows, it was possible in this way to obtain the signals 
in the ion chamber corresponding to r,8Ni and 58Cu recoils. Conversely, by gating- 
on different parts of the mass gated ion chamber signal, separation of the 7-rays by 
Z of the recoils was achieved. Figure 6.7 shows the final ‘pure’ (contaminant free) 
identification spectra for transitions in 58Ni obtained in this way.
6 .2.1 Spin and P arity  A ssignm ents
To make spin and parity assignments for the observed levels, arguments based on 
the observed decays of the states together with data on the angular distributions 
(equation 2.18) and DCO-ratios (equation 2.32) were used. Since the current work 
was insensitive to decays from isomeric states, a restriction 011 the decay multipolar­
ities for the observed transitions to E2, M1/E 2 or E'l multipolarity is reasonable.
We have assumed that the states populated are near yrast since 
this is generally true in most fusion-evaporation reactions. This argument is at least 
partially borne out by the failure to observe many previously observed, non-yrast 
states [94, 95, 96, 97, 98] in the present work.
In the DCO-ratio method [26] a 7-7 coincidence matrix of events measured in 
detectors at 158° versus events in any of the 79°, 101° or 134° detectors was con­
structed. By gating 011 a pure quadrupole (E2) transition 011 both axes of this m atrix 
and measuring the relative intensity of the projected 7-rays on the two axes, a DCO 
intensity ratio was obtained. From this ratio, and taking into account the placement 
of the transition in the level scheme, restrictions 011 the possible multipolarities of
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Figure 6.3: 7-ray spectra in coincidence with recoils of different masses for the 
24M g+40Ca reaction. The recoils were separated in mass by the FMA.
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Figure 6.4: PACE calculations showing the predicted fusion evaporation production 
cross-sections for products of the 24M g+40Ca reaction at a beam energy of 65 MeV.
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the 7-rays could be obtained, (see table 6.1).
B-dco M ultipolarity of 7
0.4—>1.05 
1.0 
0.6 
0.25—>1.25
(AJ =  0)
E2 (Pure Quadrupole) 
E l (Pure Dipole) 
M1/E2 (Mixture)
Table 6.1: Typical values of the DCO-ratios gated on an E2 transition for the 
AYEBALL configuration.
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Figure 6.8: DCO m atrix projections gated by 1454.4 keV, 2+ ->0+ transition in 
58 Ni.
Figure 6.8 shows the two angle projections for the DCO matrix, gated by the 
1454 keV, 2+ —> 0+ (E2) transition. The differences in the relative intensities of the 
two projections for the A /= 2, 2167 and 2670 keV lines and the A /= l ,  1924 keV 
transition is clearly demonstrated.
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6.2.2 Decay Scheme of 58Ni
Figure 6.9 shows the isotopically pure 58Ni gated spectrum identifying all strong 
7-rays associated with the a:2p evaporation channel up to energies of 3 MeV. The 
coincidence relationships between 7-rays were confirmed using the 7-7 coincidence 
data, examples of which are shown in figure 6.10. The level scheme obtained in the 
current work is shown in figure 6.11. These data confirm the previous yrast scheme 
of Ballini et al [99] up to the 5662 keV level. Figure 6.11 also shows the many non- 
yrast states previously observed in (/;, p1) and (p, p'y) work on this nucleus [89]. The 
fact tha t most of these states are not observed in the current work lends strength to 
the argument tha t only near yrast states are populated in the present work.
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Figure 6.9: Contaminant free 7-ray identification spectrum for 58Ni.
The present results extend the level scheme of 58Ni up to a level a t 8122 keV and 
previously unreported states at 4108, 4964, 5386, 5838, 6085, 6069, 6221, 7226, 7447 
and 8076 keV are observed. Table 6.2 gives the energies, intensities, initial and final
9 2
E (keV)
Figure 6.10: 7-7 coincidence spectra gated on the 1454 keV, 744 keV and 537 keV 
lines of 58Ni. D ata from the thick target experiment.
energy levels, the a2 angular distribution parameters, DCO ratios and the spin and 
parity assignments for the 7-rays associated with 58Ni in the current work.
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Figure 6.11: Level scheme of 58Ni produced in this work. Non-yrast states in this 
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Table 6.2: Energy, intensity, and angular distributions for 7 -rays from 58Ni.
E7 (keV) E „ E I a) <J'2 DCO Ratio *> If
164.1 5128 4964 0.18(0.10) - - 6+ ( ? )
276.5 4384 4108 1.29(0.18) -0.78(0.66) 0.95(0.09) (5+ ) (4+)
443.8 - - - -0.47(0.51) - - -
520.2 6605 6085 0.18(0.10) - - (8) (7)
536.4 6605 6069 2.21(0.18) - - (8) (6- ,  7+)
536.8 5665 5128 4.79(0.18) - 0.73(0.09) (7+) 6+
629.3 - - 0.20(0.18) - - - -
682.4 6069 5386 0.92(0.18) - 0.32(0.08) (6- ,  7+) (5)
699.6 6085 5386 1.84(0.18) - 0.46(0.08) (6+ ) (5)
709.2 5837 5128 0.74(0.18) -0.37(0.58) - 7+ 6+
744.4 5128 4384 19.89(0.74) 0.05(0.23) 1.00(0.06) 6+ 5+
762.7 4384 3621 32.0(1.10) - 0.94(0.05) 5+ 4+
841.7 7447 6605 1.66(0.18) -0.31(0.49) 0.99(0.09) (9) (8)
939.7 6605 5665 5.34(0.18) - - (8) (7+)
956.5 6085 5128 2.5(0.1) - 0.86(0.16) (7,8) 6+
1001.2 5386 4384 4.60(0.18) - 0.94(0.06) (5) 5+
1005.2 2460 1454 100(3.31) 0.37(0.17) 1 .02(0.02) 4+ 2+
1092.8 6220 5128 1.10(0.18) - 0.67(0.23) (6- ,  7) (6+)
1141.0 7226 6085 0.55(0.18) - - (8) (6+)
1161.0 3621 2460 31.67(1.10) - 1 .10(0.10) 4+ 4+
1257.0 6221 4964 0.37(0.18) - 0.30(0.12) (6" , 7) (5)
1454.4 1454 0 125 f/) 0.31(0.10 ) 0.98(0.02) 2+ 0+
1454,6 5838 4384 1.29(0.18) - 1.06(0.08) 7+ 5+
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Table 6.2: Continued
E7(keV) E,,; E ,/ I a) 7 DCO Ratio T7ri !/
1476.9 6605 5128 4.60(0.18) - - (8) 6+
1517.7 8123 6605 1.66(0.18) - 0.61(0.12) (8, 9) (8)
1684.7 6069 4384 2.02(0.18) - 0.86(0.18) (6- ,  7+) 5+
1765.0 5386 3621 0.6(0.1) - 0.50(0.16) (5) 4+
1836.6 6221 4384 1.10(0.18) - 1.14(0.21) (6~, 7) 5+
1902.4 8123 6221 - - - (8, 9) (6~, 7)
1924.3 4384 2460 6.26(0.37) -0.38(0.34) 0.49(0.05) 5+ 4+
2167.1 3621 1454 5.71(0.37) - 1.18(0.18) 4+ 2+
2504.7 4964 2460 0.74(0.18) - 1.18(0.51) m 4+
2654.2 4108 1454 1.84(0.37) - 0.82(0.29) 4+ 2+
2669.7 5129 2460 8.66(0.37) - 1.06(0.09) 6+ 4+
2926.7 5386 2460 0.74(0.18) - 0.90(0.27) (5) 4+
3629.3 6085 2460 0.37(0.18) - 0.86(0.27) 6+ 4+
"■)Intensities from 7-7 coincidences.
^Experimental DCO from 7-7 m atrix of 158° detector versus 79°, 101° or 134° de­
tectors gated 011 1454 keV transition. 
f^ Nol, placed in the decay scheme. 
f/)From 7-singles data.
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The spin and parity assignments for the previously unreported levels in 58Ni 
observed in the current work are discussed individually below.
J} 108 keV  Level. This level decays to the yrast 2+ state at 1454 keV and is
populated directly from the 5+ level at 4384 keV. Thus, assuming an M2 decay
would result in an isomeric state, spin/parity assignments can be restricted to 3+
or 4+ , with the 4+ favoured on the basis of population of near-yrast states being
favoured. This level has been tentatively reported in (p ,j/) and (p, p'y) reactions
l
with a spin assignment of 2+ [89] which is unlikely in view of the observes decays 
in the current work. Although it has a large uncertainty, the a2 value obtained for 
the 276 keV transition o f -0.78(0.66) suggests a A I=1 transition which is consistent 
with a 4+ assignment for the 4018 keV level.
4964 ke V Level. By decay arguments, the possible assignments for this state are 
4+ , 541 and 6+. A non-yrast 4+ state is unlikely, in light of the non-observation of 
the previously reported low lying non-yrast 4+ states at 4405 and 4755 keV. A 6+ 
assignment would make this state the .yrast level for this spin, yet the relatively weak 
intensity of the 2505 keV transition which links this state to the yrast 4+ state at 2460 
keV does not support this argument. Therefore, a spin 5/i assignment is preferred. 
Unfortunately, there were not sufficient statistics in the angular distribution and 
DCO data  to discriminate between a pure dipole and a mixed E2/M 1 transition and 
thus the parity of this state could not be determined in the current work.
5386 keV  Level. Since this state decays to the states at 2460, 3621 and 4384 
keV which have been assigned spins and parities 4+, 4+ and 5+ respectively, possible 
assignments for the 5386 keV level can be restricted to 4 ^  5^ or 6+ . A 4+ assignment 
can be discounted by the lack of an observed decay to the yrast 2+ state at 1454 
keV and the highly non-yrast nature of such a state. The measured DCO ratio for 
the 1765 keV transition to the 4+ state at 3621 keV of 0.50(0.16), suggests a AI=1 
decay. Therefore, a spin 5 assignment for the 5386 keV state is preferred. The parity 
of this state  could not be determined from the current data.
5665 keV  Level. This state has been tentatively assigned a spin of 7 in the
1 0 0
previous study of this nucleus by Ballini et al [99]. The DCO ratio for the 537 
keV line which links this state to the yrast 6+ state at 5127 keV of 0.73(0.09) 
is consistent with a mixed M1/E2, A /  =  1 transition, and too large (within one 
standard deviation) for a pure dipole (which one would expect to observe for an E l 
type decay). Thus a 7+ assignment is preferred.
5837 he V Level. The observed decays from this state to the yrast 5'1' and 6+ 
states a t 4384 and 5128 keV respectively, together with the non-observation of a 
decay to the yrast 4+ state at 2460 keV, restrict likely assignments to 6“ and 7+. 
A  6“ assignment is less likely as this would require both the 709 keV and 1454 keV 
transitions which decay from the 5837 keV state to be electric dipole transitions. 
From the F 3 dependence of the transition rate, (and assuming similar structures for 
the yrast 5+ and 6+ states), one would expect the 1454 keV decay to be approxi­
mately 9 times more intense than the 709 keV, while the experimentally determined 
intensities are less than a factor or two apart. By this argument, an assignment of 
7+ is preferred for this state, although a 6“ assignment can not be discounted in the 
current work.
6009 keV  Level. The only observed decays from this state are via the 682 keV 
transition to the spin 5/i state a t 5386 keV and via the '1685 keV decay to the yrast 
5+ state at 4384 keV. A 6+ assignment is unlikely in view of the lack of an observed 
decay to the yrast 4+ states, while a 7“ assignment can be ruled out by the observed 
decay to the yrast 5+ state. Thus, the spin/parity assignment for this state can be 
restricted to 6" or 7+ .
6086 keV  Level. The observed decay from this state to the yrast 4+ state at 
2460 keV, coupled with the rather high excitation of this state strongly suggests a 
6+ nature. This assignment is consistent with the observed DCO ratio of 0.46(0.08) 
for the 700 keV transition, which suggests a A I  =  1 decay to the spin 5 state at 
5386 keV.
6220 keV  Level Likely spin/parity assignments for this state can be restricted to 
either 6“ or 7+ from the observed decays to the yrast 5+ level at 4384 keV and the
1 0 1
yrast 6+ state at 5128 keV by the 1837 and 1093 keV transitions respectively. (A 6+ 
assignment is unlikely from the lack of a competing decay branch to the low-lying 
4+ states at 2460 and 3621 keV). A 7+ assignment is preferred by the observation 
of the 1904 keV transition linking this state to the high lying 9+ state at 8122 keV 
(see later).
6605 he V Level. A state at this energy has been previously reported [100], how­
ever, no spin/parity assignment was given. The observed decays to the yrast 6+ and 
7+ states via the 1477 and 940 keV transitions respectively, and the intense nature 
of these transitions suggest an assignment of 8+ for this state.
7228 he V Level. This state is only observed to decay via the 1141 keV transition 
to the 6+ state at 6086 keV. The lack of sufficient statistics in the DCO data for this 
transition precludes a firm spin/parity assignment for this state. However, assuming 
preferential population of near yrast states, and the lack of an observed decay to the 
yrast 5+ state at 4384 keV, likely assignments can be restricted to 7" or 8+.
7 /J7  keV. The negative value for the measured a2 of the 841 keV transition 
(which links this state to the yrast 8+ state at 6605 keV), suggests a A J=1 decay. 
This is consistent with this state having a spin of 9/),
8122 he V Level. This state is observed to decay to the yrast 8+ state at 6605 keV 
and the state at 6220 keV via the 1518 and 1904 keV lines respectively. The measured 
DCO ratio for the 1518 keV transition of 0.61(12) supports a spin assignment of 9 
lor this state. The observed decay to the 6220 keV state via the 1904 keV transition 
supports a 9+ assignment for the 8122 keV state (and a 7+ assignment for the 6220 
keV level).
6.2.3 Shell M odel C alculations for 58Ni
Two sets of shell model calculations have been performed for 58Ni by liaise [108] for 
comparison with the experimental results obtained in the present work. The first set- 
used a simple f p  shell basis with the restriction that a maximum of two protons or
two neutrons could be excited out of the fz  orbitals and into the p i , pz or states.
2 2 2 2
1 0 2
Thus, this basis is limited to final states in 58Ni of positive parity. The calculations 
used re-normalised Kuo-Brown matrix elements [17], the overall magnitude of which 
were sealed by fitting to the low-lying, experimentally observed states in 57Ni [59] 
and r,HNi.
In order to investigate the role of any negative parity states, a second set of shell 
model calculations was performed with the basis extended to include excitations into 
the ryn orbitals. Again, the restriction that a maximum of two protons or neutrons 
could be excited out of the gi shell was applied. The interaction used for these 
calculations was a four-range one boson-exchange potential [108]. The main results 
from the two shell model calculations and their comparison with the experimental 
results are summarised below.
C o m p ariso n  w ith  fp - Shell C a lcu la tio n s
Figure 6.13 shows the comparison between results of the simple fp  shell model 
calculations and the experimentally observed states. In general, the agreement in 
terms of the density of the predicted near yrast states is quite good. Deviations 
between the experimental results and shell model calculations are most noticeable 
for the spin 6+ states, where the shell model calculations predict 5 states below 6.3 
MeV, while only two are observed experimentally. Also, the shell model calculations 
do not predict the observed number of low lying spin 7 states correctly.
The shell model calculations [108] have been used to extract predicted branching 
ratios for a number of low lying states, which can be compared with the experimental 
results. These are presented in table 6.3.
The agreement between the branching ratios predicted in the shell model calcu­
lations and the experimentally observed values is satisfactory for the decays of the 
5j*~ and 6 f  states. However, there is a large discrepancy in the branching ratio for 
the yrare 4} state. The calculations predict that the E2 matrix element between 
the and 2 f  states is almost non-existent, which gives rise to the large theoretical 
branching ratio for the 4 j  state, Experimentally, the intensity of the 2167 keV decay
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Figure 6.13: A comparison between theoretical shell model calculations using the 
simple fp  basis and the experimental results for the excited levels in 58Ni.
States Theory Experiment
4 + - v l+  
41 —> 2',1' 154 5.55(59)
5 + - H  +  
5 + -> 4 + 0.183 0.195(19)
G +->5+
.....
4.88 2.30(19)
Table 6.3: Comparison of the branching ratios between experimental results and 
shell model calculations.
between these two states is clearly observed.
C o m p ariso n  w ith  /T/y-Shell C a lcu la tio n s
The addition of the //a orbitals in the shell model calculations introduces negative 
parity states. Figure 6.14 shows the comparison between the predicted near yrast 
state energies in these calculations and the data obtained in the current work.
In general, the shell model spectrum for the near yrast, positive parity states 
is rather similar to that predicted by the simple fp  basis and the effect of the gi
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Figure 6.14: A comparison between theoretical shell model calculations using the 
simple fp g  basis and the experimental results for the excited levels in r,8Ni.
neutron orbitals on the energies appears to be minimal.
The energies of the lowest lying negative parity states for a given spin in these 
calculations are given in table 6.4. The calculations suggest a low-lying 7~ level at 
4.720 MeV, which would make this state yrast by almost 1 MeV. This wavefunction of 
this state is almost purely from the simple (/yu,/T)7- neutron configuration. Similarly, 
the predicted 6“ level at 5.075 keV would also constitute an yrast state. There is 
no hard experimental evidence of any of the predicted negative parity states in the 
current work, possibly suggesting tha t the g» orbitals do not play a major role in 
the structure of the low to medium spin yrast states in this nucleus. However, it 
should be noted th a t by phase space arguments, if the predicted energy of the yrast 
7~ state was correct, it would be an yrast trap, that is, it could only decay by an 
M2 (magnetic quadrupole) transition to the yrast 4.384 5+ state with a transition 
energy of 336 keV. The Weisskopf single particle estimate for the mean-lifetime of a 
336 keV M2 transition in 58Ni is approximately 600 ns (see equation 2.33). Typical 
M2 strengths in this region are around 5 x l0 “2 Wu [109] thus one might expect a
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J ' Energy (MeV)
3~ 4.575
7“ 4.720
5“ 4.973
6~ 5.075
2" 5.119
4“ 5.179
Table G.4: The lowest lying negative parity states according to the fp g  shell model 
calculations.
mean-life in the order of 10 //,s for such a transition. The current work was not 
sensitive to decays from long lived states and thus we can not confirm the presence 
of the predicted yrast 7_ level in this study. Clearly, a future dedicated study of 
long lived states in this nucleus is required to precisely determine the role of the 
neutron orbitals in the generation of negative parity states in this region.
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Chapter 7 
Summary and Conclusion
The experiments discussed in this thesis used a neutron-deficient RIB in high reso­
lution 7-ray spectroscopy at Louvain-la-Neuve and a high efficiency detector array 
with FMA at Argonne for nuclei near around the doubly magic N=Z=28 core. The 
results from the two major experiments reported in this thesis are laid out individ­
ually below.
7.1 T h e  19N e  R a d io a ctiv e  B ea m  E x p er im en t
Discrete gamma ray spectroscopy of residual nuclei following a fusion evaporation 
reaction induced by a radioactive ion beam are shown to be possible. This has 
im portant consequences for future high spin studies. By using the neutron-deficient 
19Ne beam, a more neutron-deficient compound nucleus was formed than is possible 
using stable bearn/target combinations. For low gamma-ray multiplicity events, it 
was found to be essential to use 7-ray timing information to adequately subtract the 
random background. This was true for both the 7-ray singles and 7-7 coincidences 
which show spectra with very low backgrounds at energies down to 100 keV.
The present work demonstrates tha t very neutron-deficient residual systems are 
more strongly populated using the radioactive induced beam compared to the sta­
ble beam induced reaction. A larger increase in the relative cross-sections of nuclei
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approaching the proton clrip-line nuclei was found in comparison with the use of 
the stable l9F beam. It has been possible to obtain high quality Compton sup­
pression in an extreme radiation environment because of the 0 + radioactivity of 
neutron-deficient beam particles. The 7-7 gated spectra, when properly background 
subtracted, are very clean at all energies, and low cross-sections can be studied.
Charged particle detection proved to be a very useful tool both on-line during 
acquisition and off-line, particularly for neutron-deficient beams where charged par­
ticle evaporation dominates. The moderate thickness (300 /mi) of the silicon detector 
array allowed protons to be distinguished effectively from a-particles and this could 
be improved by reducing the thickness further. Multi-hit probabilities could be de­
duced for the particles associated with individual 7-ray peaks and by comparison 
with binomial probabilities, the number of each type of charged particle could be 
assigned. This procedure can lead to confident channel identification.
The experiment has provided tentative evidence for the ground state transition 
in the yrast decay of G5Ni. The increase in counting statistics required in order to 
study new nuclear structure in detail should be achievable with improvements in the 
detection systems. I11 conclusion, high resolution 7-ray spectroscopy is possible with 
pulsed radioactive beams and germanium 7-ray arrays.
7.2  Y rast S ta te s  in  58N i
The high efficiency Ge-detector array, AYEBALL, has been commissioned and used 
in conjunction with the recoil mass separator FMA at Argonne National Labora­
tory. Transitions from weak decay channels far from stability can be obtained using 
combinations of mass, Z, and neutron selectivity afforded by the FMA, split anode 
ionisation chamber, and neutron detectors. The FMA transmission efficiency is re­
action dependent and increases for a more forward focused reaction. Also, the 
transmission efficiency is reduced for higher numbers of charged particles emitted 
from the compound system. The presence of up to two charge states for some of the 
masses contributes to the high transmission. Recoil gated 7-7 coincidence data  is
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found to produce isotopically clean spectra for weakly populated nuclei.
High spin states of 58Ni has been studied with the AYEBALL+FMA configu­
ration, identifying previously unobserved states upto an excitation energy of 8122 
KeV and a spin of 9 h. The nucleus of interest was populated following the fusion 
evaporation reaction 24M g+/J0Ca. A high degree of Z-resolution has been obtained 
for this data by gating on the energy loss signal from the split anode ion-chamber 
at the back of the FMA. This allowed excellent separation of 7-ray transitions asso­
ciated with r>8Ni from other residual nuclei. From the observed decays of the states, 
and using angular information (from mass gated 7-singles data) and DCO ratios 
(from the backed target 7-7 coincidence data) it was possible to assign spins and 
parities to most of the previously unobserved states. At low spins, ^sNi.io can be 
described as two neutrons outside the 2sNi28 inert, core. The maximum spin in this 
simple configuration space is 4+.
The medium spin, near yrast data  observed in the current work has been com­
pared with shell model calculations in both simple fp  and fp g  bases. I11 general, rea­
sonable agreement has been obtained between experimental results and shell model 
calculations.
7.3  F u tu re W ork
Experiments using radioactive ion beams to study 7-ray spectroscopy will best be 
done using pulsed beams. The choices of reactions for high spin studies can be 
expanded to take advantage of RIB as they become available. The increases in 
counting statistics required in order to study new nuclear structure in detail should 
be achievable with improvements in the detection systems, such as an array of more 
Ge-detectors and a compact pixellated silicon ball close to the target for charged 
particle identification. A highly desirable feature of radioactive beams is good qual­
ity focusing, comparable with the focusing and stability attained for stable beams 
coupled to high resolution beam pulsing.
The effectiveness of combining a high efficiency 7-rav spectrometer with a recoil
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mass separator like the FMA is apparent; when investigating very low cross-section 
nuclei far from stability. Using an inverse kinematics where the beam particles are 
heavier than the target has the advantages of high transmission due to forward fo­
cusing of the recoils, and high recoil energies aids in im portant Z-identification. The 
current generation of very large arrays of 7-rav detectors like GAMMASPHERE [38] 
and EUR.OGAM [37] provided a very large increase in sensitivity over previous gen­
erations of arrays. GAMMASPHER.E, which has 110 large Ge-detectors, subtends a 
solid angle of almost 2tt sr and in conjunction with FMA will yield a resolving power 
several orders of magnitude greater than that of the AYEBALL configuration. This 
combination will provide excellent channel selection by recoil gating and should al­
low the probe of rare processes at the level of hundreds of nanobarns and perform 
detailed spectroscopy at the level of one microbarn and below [77]. Spectroscopy of 
N ~Z nuclei and the heaviest doubly magic nucleus 100S11 may then be within reach. 
Finally, using radioactive ion beams together with recoil separators, particle detec­
tors and very large arrays of Ge-detectors is the ultimate challenge of investigating 
new nuclei which would not; be accessible with stable beams.
1 1 0
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